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FOREWORD 


W HEN the Radio Corporation of America began 
to speed the development of television more 
than fifteen years ago, its engineers immedi- 
ately recognized that the future of the new art lay 
entirely in the field of electronics. 

At that time, however, there was as yet no start- 
ing point from which progress in an electronics method 
could be begun. The engineers were faced with the 
problem of moving forward from the then existing ro- 
tating scanning-disk system to a new method lying in 
a totally different division of science. 

How this was done, beginning with the inventions 
of Dr. V. K. Zworykin for transmission and reception 
and proceeding by evolutionary steps until mechanical 
means had been entirely replaced by electron rays, is 
now part of the history of television. For several years, 
the new system has been the subject of intensive and 
continuous research work, carried on at the expense of 
many million dollars, and today it has reached a high 
stage of development in the laboratory. What its effi- 
ciency will be under actual service conditions is now 
being determined by extensive field tests through which 
the many problems to be solved before commercial 
television is a reality will be answered. Whatever fur- 
ther modifications may be necessary, one thing is 
certain; by carrying on the development of television 
in the field of electronics, the art has been released from 
the limitation of things mechanical and has been placed 
on a sound, fundamental base for further progress. 

It is the forward looking policy of RCA to continue 
this development in a spirit of cooperation with the 
radio industry; to achieve standards of television, not 
as a replacement of the present system of sound broad- 
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casting but to carry the art another step forward in 
usefulness by adding sight to already existing facilities. 
Other manufacturers already have received licenses to 
use the results of RCA’s extensive research work and 
its inventions in television receivers and in the tubes 
used in such receivers, in order that the fullest possible 
use and freedom may be given to the expression of the 
art in public service. 

Plans for the future of television, outlined in ad- 
dresses by David SarnofF, President of the Radio Corpo- 
ration of America, and reports by RCA research 
engineers on the principal recent steps in the evolution 
of the new art, appear on the following pages. 
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TELEVISION 

By 

David Sarnopf 

(President, Radio Coiporation of America) 

Statement— Delivered at Annual Meeting of RCA Stockholders, New 
York City, May 7 , 1935 . 

P UBLIC interest in television continues unabated since the 
statement made in the annual report to the company’s 
stockholders on February 27, 1935. In that report it was 
stated that the management of the Radio Corporation of America 
was diligently exploring the possibilities of a field demonstration, 
the next practicable step in the development of television, in 
order that subsequent plans may be founded on experience thus 
obtained. 

As further stated in that report, our laboratory efforts have 
been guided by the principle that the commercial application 
of such a service could be achieved only through a system of 
high-definition television which would make the images of ob- 
jects transmitted, clearly recognizable to observers. The results 
attained by RCA in laboratory experiments go beyond the stand- 
ards accepted for the inauguration of experimental television 
service in Europe. We believe we are further advanced scien- 
tifically in this field than any other country in the world. 

In view of our own progress, and recent public statements 
on television made both here and abroad, I feel that the annual 
meeting of our stockholders is an appropriate occasion for a 
statement of Radio Corporation’s position in television and of its 
plans for the immediate future. 

First, let me emphasize that television bears no relation to 
the present system of sound broadcasting, which provides a 
continuous source of audible entertainment to the home. While 
television promises to supplement the present service of broad- 
casting by adding sight to sound, it will not supplant nor dimin- 
ish the importance and usefulness of broadcasting by sound. 

In the sense that the laboratory has supplied us with the 
basic means of lifting the curtain of space from scenes and 
activities at a distance, it may be said that television is here. 
But as a system of sight transmission and reception, comparable 
in coverage and service to the present nation-wide system of 
sound broadcasting, television is not here, nor around the cor- 
ner. The all important step that must now be taken is to bring 
the research results of the scientists and engineers out of the 
laboratory and into the field. 
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Television service requires the creation of a system, not 
merely the commercial development of apparatus. The Radio 
Corporation of America with its coordinated units engaged in 
related phases of radio communication services is outstandingly 
equipped to supply the experience, research and technique for 
the pioneering work which is necessary for the ultimate creation 
of a complete television system. Because of the technical and 
commercial problems which the art faces, this system must be 
built in progressive and evolutionary stages. 

Considering these factors and the progress already made 
by your company, the management of the RCA has formulated 
and adopted the following three-point plan: 

The Plan 

1. Establish the first modern television transmitting sta- 
tion in the United States, incorporating the highest 
standards of the art. This station will be located in a 
suitable center of population, with due thought to its 
proximity to RCA’s research laboratories, manufacturing 
facilities, and its broadcasting center in Radio City. 

2. Manufacture a limited number of television receiving 
sets. These will be placed at strategic points of observa- 
tion in order that the RCA television system may be 
tested, modified and improved under actual service con- 
ditions. 

3. Develop an experimental program service with the neces- 
sary studio technique to determine the most acceptable 
form of television programs. 

Through this three point plan of field demonstration we shall 
seek to determine from the practical experience thus obtained, 
the technical and program requirements of a regular television 
service for the home. 

It will take from twelve to fifteen months to build and erect 
the experimental television transmitter, to manufacture the 
observation receivers and to commence the transmission of test 
programs. 

The estimated cost to the RCA of this project will be ap- 
proximately one million dollars. 

In order that the promise, as well as the present limitations 
of the art be thoroughly understood, I shall review briefly the 
present status of television and the position of RCA in thiq 
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Eeception 

Our research and technical progress may be judged by the 
fact that upon a laboratory basis we have produced a 843-line 
picture, as against the crude 30-line television picture of several 
years ago. The picture frequency of the earlier system was about 
12 per second. This has now been raised to the equivalent of 60 
per second. These advances enable the reception, over limited 
distances, of relatively clear images whose size has been in- 
creased without loss of definition. 

From the practical standpoint, the character of service pos- 
sible in the present status of the art, is somewhat comparable 
in its limitations to what one sees of a parade from the window 
of an office building, or of a world series baseball game from a 
nearby roof, or of a championship prize fight from the outer- 
most seats of a great arena. 

Transmission 

In the present state of the art, the service range of tele- 
vision from any single station is limited to a radius of from 
fifteen to twenty-five miles. National coverage of the more than 
three million square miles in the United States would require 
a multitude of stations with huge expenditures, and presents 
a great technical problem of interconnection in order to create 
a network system by which the same program might serve a 
large territory. 

Existing and available wire systems are not suitable for 
interconnecting television stations. Therefore, radio relays 
must be further developed or a new wire system created to do 
the job now being done by the wires which connect present day 
broadcasting stations. 

While the problem of interconnection still remains one of 
the great obstacles to the extension of sight transmission and 
reception, an outstanding accomplishment in the field of tele- 
vision research is the invention and perfection by RCA en- 
gineers of the “iconoscope”. This is an electric eye, which has 
advanced the technique of television by facilitating the pickup 
of studio action and permitting the broadcast of remote scenes, 
thereby giving to the television transmitter the function of a 
camera lens. Through the use of the iconoscope, street scenes 
and studio performances have been experimentally transmitted 
and received. 
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Eelationship of TPvANSMittbe and Receiver in Television 

Television is a highly complicated system of transmitting 
and receiving elements with thousands of interlocking parts, 
each of which must not only function correctly within its own 
sphere of activity, but must also synchronize with every other 
part of the system. In broadcasting of sight, transmitter and 
receiver must fit as lock and key. 

On the other hand, broadcasting of sound permits a large 
variety of receiving devices to work acceptably with any stand- 
ard transmitter. Notwithstanding the great progress that has 
been made in sound broadcast transmission, a receiving set made 
ten years ago can still be used, although with great sacrifice 
in quality. This is not true in television, in which every major 
improvement in the art would render the receiver inoperative 
unless equivalent changes were made in both transmitters and 
receivers. 

Important as it is from the standpoint of public policy to 
develop a system of television communication whereby a single 
event, program or pronouncement of national interest may be 
broadcast by sight and sound to the country as a whole, prema- 
ture standardization would freeze the art. It would prevent 
the free play of technical development and retard the day when 
television could become a member in full standing of the radio 
family. Clearly, the first stage of television is field demonstra- 
tion by which the basis may be set for technical standards. 

Establishment op Television as a Public Service 

From the foregoing it will be seen that a number of basic 
problems surround any effort to establish television on a regu- 
lar basis of public service to the nation. The more important 
of these problems are ; 

1. The fact that if the new art of television is to make the 
required technical progress, there will be rapid obso- 
lescence of both television transmitters and television 
receivers. 

2. The creation of new radio or wire facilities of intercon- 
nection before a service on a national basis can be 
rendered. 

3. Further development, through experimentation in the 
field, of a system of high definition television which calls 
for new radio technique inside and outside the studio, 
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and for the production of home television receivers which 
will increase the size of the picture and at the same time 
decrease the price at which the receiver can be sold to 
the public. 

As in other related fields, the Radio Corporation of America 
is undertaking to encourage, develop and coordinate the research, 
engineering and technical processes by which a new art and a 
new industry may spring from the original root of radio com- 
munications, Television demands the most effective coordina- 
tion of the equipment, facilities and services embraced by the 
operations of the various units of the RCA. It requires the utili- 
zation of the best engineering and manufacturing experience of 
the RCA Manufacturing Company in the production of tele- 
vision equipment; of the research facilities of the RCA labora- 
tories for the development of new television tubes; of our 
experience in the construction of transmitting stations; of the 
studio, program, and broadcasting technique created by the Na- 
tional Broadcasting Company; and of the general experience of 
R.C.A. Communications. 

Scientific research is the foundation of the radio industry 
and the achievements of RCA laboratories are most valuable 
assets. These research activities have helped to maintain the 
Radio Corporation’s position of leadership in the field of radio. 

In announcing this plan, I wish to emphasize the clear dis- 
tinction that must be made between the coming field demonstra- 
tion stages of television, and the ultimate fulfillment of the prom- 
ise of world-wide transmission of sight through space — an 
achievement which will be second only to the world-wide trans- 
mission of sound through space. The sense of sight which tele- 
vision must eventually add to the body of radio communications 
cannot supplant the service of speech and music which permits 
any single event to be simultaneously broadcast to the nation as 
a whole, and which brings to millions of homes continuous pro- 
grams of entertainment, information and education. 

While the magnitude and nature of the problems of television 
call for prudence, they also call for courage and initiative without 
which a new art cannot be created or a new industry established. 
Your Corporation has faith in the progress which is being made 
by its scientists and its engineers, and the management of the 
Radio Corporation of America is exploring every path that 
may lead to an increasing business for the radio industry and to 
a new and useful service to the public. 



RCA’S DEVELOPMENT OF TELEVISION 


David Saenopf 

(President, Radio Corporation of America) 

Statement — Delivered at the Annual Meeting of the Stockholders of 
the Radio Corporation of America, Tuesday, April 7, 1936, 


T OUR annual meeting* last year I announced that the 
Board of Directors had approved a plan for a field test 
in television. At that time it was stated that in twelve to 
fifteen months the project would be taken from the laboratory 
and subjected to field tests. I am pleased to inform you that 
our construction work has proceeded on schedule with the build- 
ing of a new television transmitter located on the Empire State 
Building in New York, and with an experimental television 
studio in the RCA Building as a part of the National Broad- 
casting Company’s operations. 

Tests will start Monday, June 29, 1936. A number of ex- 
perimental receivers are to be placed at observation points in 
the hands of our technical personnel so that we may determine 
the requirements and further development necessary to the 
establishment of a public television service. 

This corporation is second to none in the scientific and tech- 
nical development of television. We have gone much beyond 
the standards fixed elsewhere for experimental equipment. But 
this is a far cry from the expectations of such a service aroused 
by pure speculation on the subject. There is a long and difficult 
road ahead for those who would pioneer in the development and 
establishment of a public television service. 
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THE FUTURE OF RADIO AND PUBLIC INTEREST, 
CONVENIENCE AND NECESSITY 
By 

David Sarnofp 

(President, Radio Corporation of America) 

Statement — Presented before Federal Communications Commission, 
Washington, D. C., June 15, 1936, 

T he Radio Corporation of America welcomes the oppor- 
tunity to testify at this inf ornial hearing’. We are deeply 
aware of the importance and urgency of the tasks before 
the Federal Communications Commission. We are pleased to 
place at your disposal the information and experience of RCA, 
gained from its operations in radio research, communications, 
broadcasting, manufacture and sales. These interrelated enter- 
prises have enabled us to study and develop radio in ever widen- 
ing fields of public usefulness. 

In such a fast moving art as radio, government regulation 
must have wide powers of discretion. A strait- jacket of rigid 
rules would cripple its energies. In the Radio Act of 1927 and 
in the Communications Act of 1934, Congress recognized this 
fact and wisely refrained from prescribing hard-and-fast for- 
mulas. Instead it set up a high standard for flexible regulation, 
the standard of “public interest, convenience and necessity.” 
That standard gives your Commission the power, and therefore 
the responsibility, of judging issues on the basis of past accom- 
plishments, of present activities, and particularly on the capacity 
for future progress. 

It is in relation to this standard of “public interest, con- 
venience and necessity” that I desire to summarize briefly the 
position of radio, both as an art and as an industry, and to call 
your attention to the new services which it is evol’ving and to 
prospects for its future development. 

We of the RCA are especially conscious of the complexity 
of the problems your Commission must solve in the public inter- 
est. That complexity results from a number of circumstances 
unique to the radio industry. 

First: It is the youngest of our country’s great indus- 
tries. Because of the aggressive and dynamic development 
of the radio art, it has reached its present proportions and 
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its vast social significance in less than fifteen years. It has 
few precedents and no rules of thumb to formulate its poli- 
cies. At every stage of its progress it must break new ground. 
It must always be a daring pioneer. 

Second: It is an industry that functions in the present, 
although it lives also for a greater future. Important new 
radio services are ready today for practical demonstration. 
Tomorrow they will be ready to serve the public. Others are 
still in the laboratory stage of development. But beyond 
are widening perspectives of usefulness: the promises of 
further radio possibilities which may well outweigh all the 
achievements of the past. These developments must be safe- 
guarded against unnecessary restrictions. Radio progress 
must not be “frozen" at any point. 

Third: We deal in radio with a public treasure that — 
for the moment — is limited in its extent. The frequencies 
which make up the radio spectrum constitute one of the 
nation’s most valuable natural resources. Each of them must 
be made to yield its maximum of service under the stimula- 
tion of every new discovery. 

These are the realities of today. But tomorrow, the pioneers 
in the radio laboratories may open up unlimited reservoirs of 
new frequencies and then your Commission must be ready to 
remold its rules to take advantage of the new opportunities, so 
that the public may benefit at once from these achievements. 

We have no definite yardstick with which to measure radio 
as a civilizing influence, in the education, entertainment and 
progress of mankind. But we do know that life itself has been 
revolutionized by the speed and completeness with which radio 
has drawn the most distant places, the most forgotten lives, 
into the orbit of civilization. 

In 1920 the United States had direct cable connection with 
only two European nations. Great Britain and France, and with 
a few countries in South America and one in the Orient. Today 
our country is linked by nine public service radio companies 
to more than 60 nations in direct radio communication which 
cannot be broken by any other nation. More than 5,000,000 
paid messages are handled annually by the radio-telegraph car- 
riers reporting to your Commission. This development of Amer- 
ican radio communications has sliced one hundred million dollars 
from the bills of international telegraph users here and abroad. 
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Until the advent of radio, no communication service could 
cover the oceans — seven-eighths of the world’s surface. In 1902, 
there was only one American merchant ship equipped with radio 
— ^the S.S. Philadelphia. Today some two thousand American 
ships have radio telegraph equipment. A ship with modern radio 
apparatus can maintain uninterrupted communication with 
coastal stations in the United States during its entire circum- 
navigation of the globe. Radio direction finders guide vessels at 
sea. A facsimile service providing weather maps to ships at sea 
is now being introduced. 

Broadcasting has made even more dramatic strides. When 
the Harding-Cox election returns were broadcast in 1920, only 
a few hundred radio amateurs listened in. Today 23,000,000 
homes in our country, more than 70% of the total, are equipped 
with radio receivers, and 3,000,000 American automobiles, more 
than 10% of all registered motor cars, are radio-equipped. If all 
receiving sets were tuned to the same program, 90,000,000 per- 
sons, approximately three-quarters of our population, could 
listen at the same time to a single voice. The United States and 
its territorial possessions have 623 broadcasting stations, repre- 
senting in ownership a cross-section of American life : industrial 
organizations, newspapers, labor groups, colleges, cultural and 
religious institutions. Affiliated with the two major networks 
are 196 broadcasting stations. Of these 22 are owned and man- 
aged by the network companies. The rest are independently 
owned and operated. 

Not only do the American listeners enjoy the finest broad- 
cast programs in the world without paying license fees, but 
they are buying the finest radio receivers in the world at the 
lowest prices. No wonder, as Professor Allport of Harvard has 
declared, we spend a billion hours a week listening to the radio ! 

During 1935 it is estimated that the people of the United 
States spent seven hundred million dollars on radio — ^truly a fig- 
ure which demonstrates the magnitude of the industry and its 
importance to the prosperity of the nation. 

To show how important radio is to other industries, the own- 
ers of radio sets spent one hundred fifty million dollars last 
year for electric power to operate their sets — almost twice the 
amount which the broadcasting companies received for broad- 
casting the programs which these listeners heard. In the same 
year, this “wireless” industry consumed a million miles of wire 
in the manufacture of its apparatus. And the world’s largest 
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wireless broadcasting company, the NBC, was at the same time 
the largest customer of the world’s greatest wire organization, 
the American Telephone and Telegraph Company. The annual 
telephone bill of the NBC for wire service exceeds three million 
dollars. 

Probably the most striking figure in all the columns of radio 
statistics is the estimate that the American public has invested 
more than three billion dollars in broadcast receiving apparatus. 
This is more than ten times the investment in broadcasting sta- 
tions and radio manufacturing plants. From this you will realize 
the extent of the general public’s interest in the healthy develop- 
ment of radio. 

No statistics, however, can suggest the magnitude of the 
future of the radio art. Each advance made by the laboratories 
into unexplored domains of the ether carries with it the possi- 
bility of creating even greater services. A few, such as tele- 
vision and high-speed facsimile communication, are ready now 
for field demonstrations. Others are on the way, although fur- 
ther laboratory experimentation will be necessary before they 
are ready for practical use. 

This research represents an immense investment in capital 
and an incalculable investment in human genius. It is fascinat- 
ing as a conquest of the unknown, and thrilling because of its 
promise of increased human power, knowledge and happiness. 
Yet, considered coldly as an economic element, it is particularly 
significant at this time when the country is emerging from the 
depths of an economic depression. The new instrumentalities of 
radio hold the promise of new industries, new services produc- 
tive of new wealth and new employment. 

Of the future industries now visible on the horizon, tele- 
vision has gripped the public imagination most firmly. Tech- 
nically, television is an accomplished fact, although it is not 
yet ready commercially. In this field American research holds 
the lead and America’s supremacy, as in other fields of radio, is 
universally recognized. 

To bring television to the perfection needed for public serv- 
ice our work proceeds under high pressure at great cost and 
with encouraging technical results. Other nations are accepting 
the standards and methods of RCA engineers and are applying 
them to the solution of their own television problems. Most of 
these foreign nations have been working with public funds. No 
such government subsidies of course have been available in the 
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United States. None has been asked. But for more than a 
decade in years of plenty and in years of depression, a corps of 
RCA research engineers has been working unremittingly to 
give the art of television to the public. We are now entering 
advanced stages of that effort and will open an experimental 
television transmitting station in New York within two weeks. 
We believe that we have demonstrated again that private initia- 
tive can accomplish more in America than government subsidy 
has been able to accomplish elsewhere. 

The television which is assuming shape in our laboratories 
will not, as many persons assume without warrant, replace 
sound broadcasting or make sound receiving sets obsolete. The 
present sound broadcasting services will proceed without inter- 
ruption. Television must find new functions, new entertainment 
and new programs. 

As soon as television has been brought to a point of prac- 
tical service it will be made available to the American people. 
But to protect the public interest, television should not be 
launched until proper standards have been fixed. Television re- 
ception as we now know it differs from sound reception in at 
least one decisive technical aspect. In sound broadcasting every 
receiver is built to pick up any transmission within its range 
of reception. On the other hand, television represents an inte- 
grated system in which sending and receiving equipment must 
be fitted one to the other, as lock and key. We must avoid the 
danger of costly obsolescence which hasty commercialization 
might inflict upon the public. 

We ask the Commission and the various goverment depart- 
ments interested in radio to consider carefully the needs of this 
new industry. Frequencies should be made available not only 
for the expanded experimental and field demonstration work, 
but for the fullest measure of development toward a practical 
television service. 

Radio broadcasting differs from all the other arts in that the 
service which it renders to the public is rendered free. There is 
no license fee for the use of radio receiving sets in the United 
States. And when television comes, it is my hope that despite 
the greater expense of its far more complicated program produc- 
tions, there will still be no need for a license charge for tele- 
vision receivers. 

Side by side with television, although in many respects nearer 
to final achievement, there is emerging from the field of radio 
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experimentation high speed facsimile communication. By means 
of this new development, written, printed, photographic and 
other visual matter can be sent by radio over long distances and 
reproduced at the receiving end with amazing exactness. It is 
diflSieult to imagine limits of the use of such an invention. It 
should make the dot-and-dash system of telegraphy as outmoded 
as the pony express. Pictures, sketches, handwriting, typewrit- 
ing and every other form of visual communication, will be trans- 
mitted as easily as words are now sent over a telegraph wire. 
Even in its earlier stages facsimile will be a medium for the 
instant dissemination of information of a hundred different 
types, from weather maps to statistics, from educational data 
to comic strips. Far from displacing the existing media of 
information — ^and particularly the newspapers — ^facsimile should 
contribute to their progress, providing them with swifter and 
more effective facilities. 

In this new facsimile service we have also reached an ad- 
vanced stage. R.C.A. Communications, Inc., has built an experi- 
mental facsimile circuit between New York City and Philadel- 
phia, demonstrated publicly for the first time last Thursday. It 
uses ultra-high frequencies linked into instantaneous transmis- 
sion by automatic relays. This circuit will demonstrate the pos- 
sibilities inherent in facsimile transmission and should also 
contribute to solving the diflicult problems of relaying television 
programs on these ultra-high frequencies. 

One of the triumphs of this demonstration circuit has been 
its success in combining, for the first time in radio history, the 
simultaneous transmission of visual matter with automatic type- 
writer telegraph operation on the same radio channels. This 
ability to carry separate services simultaneously on a single 
frequency is of great importance. 

To make possible the greatest public use of this new develop- 
ment, radio channels should be provided which will make room 
for healthy expansion in facsimile research as well as in service, 
and the “public interest, convenience and necessity” of this new 
achievement should be recognized in the allocation of frequencies 
for this purpose. 

It is the mastery of the ultra-high frequencies which is bring- 
ing television and facsimile within the area of practical use. 
We are steadily pushing farther into the higher regions of the 
spectrum which only yesterday constituted a “radio desert”, 
now being made fruitful. One example will illustrate the great 
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possibilities in this direction : Ultra-high frequencies have a 
range which is limited approximately by the horizon so that 
the same frequency may be used over and over again by keeping 
the transmitters 100 to 200 miles apart. This means that a rela- 
tively few frequencies assigned for local broadcast use can be 
reassigned until every community in the land can possess a radio 
voice for its own local purposes. 

This expansion of the useful radio spectrum has only begun. 
Beyond the ultra-high frequencies lie the “micro-waves” — ^fre- 
quencies that oscillate at the rate of a billion cycles a second, 
wavelengths measured in centimeters instead of meters. 

Future developments in micro-waves may well prove revo- 
lutionary. In the past, radio operations have been confined to 
a limited part of the radio spectrum. Once we have conquered 
these micro-waves we shall have opened a radio spectrum of 
almost infinite extent. Instead of numbering the useable chan- 
nels in a few scant thousands, the radio art will put millions of 
frequencies at the command of communication services of every 
kind. When that day comes — and I have no doubt that it will — 
there will be frequencies enough to make possible the establish • 
ment not only of an unlimited array of mass communication serv- 
ices, but of an unlimited number of individual communication 
connections. In that day each one of our millions of citizens 
may have his own assigned frequency to use wherever he may 
be. 

Step by step we are working toward that far off goal. We 
are telegraphing and telephoning today by radio to and from 
ships at sea and planes in the air. There is no reason we should 
not also be able to communicate with moving trains, or for 
that matter with moving automobiles. We can almost say that 
without radio, aviation would be impossible. In approaching 
such potentialities we must not allow our imagination to be 
earth bound. Radio belongs to the new day — ^the search for 
service and wealth above the earth. The finding of a new range 
of frequencies is of more importance than the discovery of a 
new gold field. 

Recently international broadcasting has been in the lime- 
light. The European crisis made overseas events an important 
factor in our daily interest. The technique of this international 
broadcasting is being constantly improved. Although this use of 
shortwave radio is still in its infancy, it merits vigorous encour- 
agement. International broadcasting should promote better 
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understanding among nations and from our own national 
standnoint — better understanding of the United States among 
the nations of the world. The growth of international broadcast- 
ing should increase ail other forms of international communica- 
tions and promote our international commerce. To make such an 
possiblCj America s international bi oadcasting 
should be organized as a definitely functioning service and the 
available international frequencies should be utilized to their 
fullest extent. 

From time to time there are suggestions that it is the duty 
of the Federal Communications Commission to protect the wire 
services of the country against the encroachment of radio. Even 
if the Communications Act which created your Commission had 
not prohibited such an attempt, by saying that your Commission 
shall “generally encourage the larger and more effective use of 
radio in the public interest,” such an effort would be a futile 
one. Any effort to stop the progress of a new art in order to 
protect an existing art is bound to be futile. 

Such a step would be contrary to the spirit of the country, 
contrary to the modern spirit of progress, and contrary to the 
whole experience of radio. For radio itself deliberately obsoletes 
today what is built yesterday. But for that fact, we would still 
be signalling with long waves from great alternators instead of 
spanning the earth with short waves from vacuum tubes. 

So long as there is an insufficiency of frequencies, it is 
proper for your Commission to conserve those frequencies by 
not using them needlessly to compete with wires. However, the 
policy which underlies such a decision should never have for 
its object the protection of wire services. It should always have 
for its object the protection of radio frequencies. 

Your Commission will not be afraid of progress. Millions of 
dollars are being spent by the radio industry to invent new 
equipment and erect new stations which are made obsolete by 
the very things we learn from building them. The facsimile 
and television stations which the RCA has just built, for in- 
stance, may be made obsolete by the lessons they will teach us. 
We set up new systems and then we encourage our research 
workers to continue their experiments even if they supplant 
what we have created. Why? Because it is the only way to 
make progress. Such experiments call for enormous capital 
investments. They call also for imagination of the highest order 
and for courage to follow where that imagination leads. It is 
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in this spirit that our laboratories and our radio scientists are 
diligently and devotedly engaged in a task of the highest service 
to humanity. 

Radio research is so closely linked to the manufacture of 
apparatus that I feel warranted in explaining to your Commis- 
sion the basic patent policy of the RCA, and particularly its 
application to the new fields of facsimile and television. It has 
been the policy of the Radio Corporation to grant licenses to its 
competitors engaged in the manufacture of radio broadcast re- 
ceivers and tubes, and at the present time there are outstanding 
52 such licenses for receivers and 13 for tubes. These licenses 
include the right to make and sell not only sound broadcast re- 
ceivers and tubes, but also receivers and tubes for television and 
facsimile for the home, thus making available the results of our 
research in these fields to licensed manufacturers of the indus- 
try. In manufacturing and selling this apparatus the RCA li- 
censees may utilize all of the inventions made or owned by the 
Radio Corporation, and all patents under which it has the right 
to grant licenses to others. 

We are all proud of the fact that the United States has 
maintained freedom of the air while exercising flexible and intel- 
ligent regulation. We have succeeded in utilizing the motive 
power of private initiative while placing its achievements at the 
service of the whole population. In less fortunate portions of 
the world, we have warning examples of radio bound and gagged, 
along with other agencies of expression, its strength diverted to 
serve the autocratic purposes of dictators. Whatever else we 
do, whatever else your Commission may feel called upon to do, 
this valuable national possession of radio must remain, as here- 
tofore, the instrument of democratic self-government and one 
of the important contributors to our national progress. 

Measured by the advances made in other fields, radio in the 
last ten years has lived a century. Perhaps it may crowd a thou- 
sand years into the next decade. I am proud to be one of those 
who have participated in this development almost from the 
beginning. Next September I shall have been in the service of 
radio for thirty years. That is a long time in so young a science. 
During these thirty years I have watched, naturally with the 
keenest interest, the unfolding of the radio art. I have seen tech- 
nical revolutions in radio communication, radio broadcasting 
and radio entertainment, but I can say to you that never before 
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have I seen so many developments emerging into practical 
achievement as the laboratories promise at this moment. 

Out of this experience I should like to lay before you a num- 
ber of suggestions. I trust they may be helpful to your Com- 
mission, and to the Government, in the task of formulating a 
basic and comprehensive radio policy. Such a policy is needed 
to maintain America’s supremacy in radio and to fortify the 
independence of our country’s position in this growing field. 
My suggestions, summarized, are as follows : 

1. Because of the rapid strides of the radio art, advance 
reservations of frequencies should be made by the Fed- 
eral Communications Commission to meet the needs of 
future services, such as television, facsimile and high- 
frequency broadcasting. This will enable these achieve- 
ments of radio to give their greatest possible public serv- 
ice as soon as developed, instead of compelling them to 
contest with older services for adequate space in the spec- 
trum. 

2. Except for experimental purposes, no allocations to in- 
dividual applicants should be made in these reserved fre- 
quencies until actual public service is possible. No one 
should be permitted to reserve frequency space for fu- 
ture use and then let it remain idle while others carry 
the burden of development. 

3. In allotting frequencies the greatest economy and useful- 
ness of the available channels should be promoted by re- 
quiring, so far as feasible, the multiple use of frequencies. 

4. In determining precedence in the allocation of frequen- 
cies, consideration should be given to services on the 
basis of their comparative importance to the public, the 
urgency of the tasks to be performed, and the require- 
ments of the public to be served. Kadio has made pos- 
sible outstanding progress in mass communication. Ample 
allocation should be made for the greatest use of this 
public service for the broadcasting of sight as well as of 
sound, nationally and internationally. 

5. In time of war, or other emergency, all the equipment 
and resources of the radio industry, are by law placed 
at the disposal of the nation. The government depart- 
ments interested in our national defense should, there- 
fore, cooperate in making possible the greatest peace- 
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time development of radio by limiting the number of 
frequencies requested for exclusive government use. 

6. A fundamental and comprehensive communications pol- 
icy should be formulated, not only for the guidance of 
the Commission, but of all government departments, to 
safeguard the independence of America’s communica- 
tion system in international relations. This is especially 
important because American communication services are 
at a disadvantage in dealing with monopolistic state- 

■ owned foreign communication systems. 

7. In helping to determine the attitude of the United States 
in the International Communications Conference to be 
held in Cairo in 1938, the Federal Communications Com- 
mission should recommend a policy which will promote 
the greatest possible international use of radio communi- 
cations. That Conference wiU be called upon to apportion 
the hitherto unallocated frequencies in the upper portions 
of the radio spectrum. In the international field as well 
as in domestic use these allocations should be safeguarded 
against any possibility of freezing radio development. 

I tha-nk your Commission for this opportunity to appear be- 
fore you and to present my views. I have devoted myself to the 
general aspects of the radio art, rather than to its engineering 
details. With your permission and at such time as you may 
designate. Dr. C. B. Jolliffe, Engineer in charge of the RCA 
Frequency Bureau, will testify concerning the engineering phases 
of these problems. 

The radio industry, let me say in conclusion, is convinced 
that the best interests of the industry coincide with the best 
interests of the public. We are content to submit our suggestions 
and recommendations to the standard of “public interest, con- 
venience and necessity” prescribed by Congress for the guidance 
of your Commission. 
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Excerpts from “The Message of Radio,” an address delivered before the 
Advertising Federation of America, Boston, June 29, 1936. 


W HEN television broadcasting reaches the stage of com- 
mercial service, advertising will have a new medium, 
perhaps the most effective ever put at its command. It 
will bring a new challenge to advertising ingenuity and a stim- 
ulus to advertising talent. 

The new medium will not supplant nor detract from the 
importance of present-day broadcasting. Rather, it will sup- 
plement this older medium of sound and add a new force to 
the advertisers’ armament of salesmanship. Television will add 
little to the enjoyment of the symphony concert as it now comes 
by radio to your living room. Sound broadcasting will remain 
the basic service for the programs particularly adapted to its 
purposes. On the other hand, television will bring into the home 
much visual material — news events, drama, paintings, person- 
alities — ^which sound can bring only partially or not at all. 

The benefits which have resulted from the industrial spon- 
sorship of sound broadcasting indicate that major television 
programs will come from the same source. It requires little 
imagination to see the advertising opportunities of television. 
Broadcasting an actual likeness of a product, the visual demon- 
stration of its uses, the added effectiveness of sight to sound in 
carrying messages to the human mind — ^these are only a few of 
the obvious applications of television to merchandising. Com- 
mercial announcement can be expanded through television to 
include demonstration and informational services that will be 
of value to the public as well as to the advertiser. 

Broadcasting has won its high place in the United States 
because — unlike European listeners — ^American set owners re- 
ceive their broadcasting services free. Despite the greater cost 
of television programs, I believe that owners of television re- 
ceivers in the United States will not be required to pay a fee 
for television prbgrams. That is an aspect of the television 
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problem in which the advertising fraternity will doubtless 
cooperate in finding the commercial solution. 

Whoever the sponsor may be, or whatever his interests or 
purposes, he will be under the compulsion to provide programs 
that will bring pleasure, enlightenment and service to the Amer- 
ican public. That compulsion operates today and must continue 
to operate if we are to retain the American system of radio 
broadcasting. The public, through its inalienable right to shut 
off the receiver or to turn the dial to another program will 
continue to make the rules. In television as in sound broadcast- 
ing the owner of a set will always be able to shut it off. In other 
words, the ultimate censorship of television, as well as of sound 
broadcasting, will remain between the thumb and forefinger of 
the individual American. 



TELEVISION 

By 

DE. C. B. JOLLIFFE 

(Sagineer-ln-charge, RCA Frequency Bureau) 

Statement — Presented by Dr. C. B. Jolliffef concerning Television, on 
behalf of the Radio Corporation of America before the Federal Communica- 
tions Commission at the Hearing on Frequency Allocation, June 15, 1936. 

F or more than ten years RCA has been conducting' research 
work looking toward the development of television. Dur- 
ing this period many people have urged on this Commis- 
sion or its predecessor, the Federal Radio Commission, the allo- 
cation of frequencies to commercial television on the basis that 
it was ready for acceptance. Up to the present time the engineers 
and executives of the RCA have not felt that television was 
ready for presentation to the public. Their decisions have been 
made on the basis of engineering analysis and adequate experi- 
mentation. 

In making these decisions RCA has proceeded on the principle 
that rarely is a commercial device, method or system completely 
developed in the laboratory. At some time in its history a devel- 
opment must be taken out of the laboratory and put into oper- 
ation under conditions that closely simulate those in the field in 
which it will be operated commercially. This is particularly true 
of a highly complicated system such as television. 

Accordingly as television has passed through successive evo- 
lutionary stages in laboratory research RCA has put its most 
advanced developments under tests in the field. Such tests of a 
television system run into very large sums of money. However, 
RCA has expended and is now expending large amounts in the 
development of a television system both in the laboratory and 
in the field, and it is convinced that there is no substitute for the 
field tests in perfecting a satisfactory system. It is impossible 
to determine in the laboratory or with low power transmitters 
and facilities operated under laboratory conditions whether a 
system will fulfil the rigorous requirements of commercial appli- 
cation in the field. 

In the course of their studies on this problem the research 
engineers of RCA have thoroughly investigated all the different 
methods by which television may be accomplished, including 
scanning disk, flying spot, cathode ray devices and other methods. 
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and have pushed each type to what was considered its maximum 
usefulness. 

Prior to 1932 there was in operation in the research labor- 
atories in Camden, N. J., a system of television which brought 
mechanical scanning to what was believed to be the highest level 
then obtainable in any system. In the receiving portion of this 
system a cathode ray tube was used. On the basis of this work 
it was decided in 1932 to install in New York City a transmitter 
using this mechanical system of scanning. At that time it was 
known that it was necessary to use ultra-high frequencies to 
obtain the picture quality then possible. Consequently the trans- 
mitter was built to operate on a frequency above 40,000 kc. This 
was the first full scale television broadcast transmitter for rela- 
tively high definition images. The experimental operation of this 
transmitter provided us with information as to many of the 
transmitter problems, one of which was the difficulty of serving 
a city such as New York. Primarily, however, these tests showed 
the inadequacy and limitations of a mechanical system of tele- 
vision. 

While this transmitter was being used for the purpose of 
collecting data on the transmission problems our engineers in 
Camden were concentrating on a system of television based on 
electronic scanning in order to overcome the limitations of the 
mechanical system which had been emphasized by the New York 
tests. In 1933 there was put in operation in the laboratory in 
Camden, N. J., a new type of transmitter which employed elec- 
trical scanning, a greater number of lines, and other improve- 
ments. By 1934 this system had developed into one employing 
343 lines interlaced with a frame frequency of SO per second and 
a field frequency of 60 per second. 

During the course of this experiment a synchronizing gen- 
erator which was entirely electrical and employed no moving 
parts was incorporated in the system. This marked another of 
the major evolutionary steps in the progress of developing a 
television system, and in consequence of this it was then neces- 
sary to answer the question as to whether or not the system 
would meet the test of public acceptance. Consequently, a deci- 
sion was made a little more than a year ago to test this system 
in the field by establishing facilities for such a test in New York 
City. 

The announcement of the inauguration of the construction 
of a system to carry out this experiment was made by Mr. Sarn- 
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off to the stockholders of the RCA on May 7, 1935. The work 
has gone forward ever since. To carry on this experiment an 
8 kw television transmitter with special antenna has been set up 
in the tower of the Empire State Building, a special studio of the 
National Broadcasting Company in the RCA Building has been 
adapted for television use, a few receiving sets of what we believe 
to be the most modern design have been constructed under fac- 
tory conditions to be put in the han^s of trained observers dis- 
tributed through the service area of the transmitter. The first 
transmissions from this transmitter will be made June 29, 1936. 
It is to be regretted that data which will be obtained with a few 
months’ operation of this experimental system are not available 
today to this Commission. However, you can be assured that you 
and your engineers will be kept fully informed of the progress 
of the experiment. 

When the design of this experimental system was begun it 
was necessary to set standards on which to base the system and 
the engineers set up the same standards which they had been 
using in the test transmitter at Camden (343 lines interlaced, 
30 frames per second, field frequency 60 per second) . It was not 
the idea at that time, nor is it now, that the standards then set 
up were to be the final standards. It was known early in 1935 
that these standards could be met in apparatus which it was pos- 
sible to build and which would serve to give an answer to the 
problem. Frequency separation between the carrier frequency 
for television and carrier frequency for sound was set at 2250 
kc, the entire transmission being included in a 4,000 kc. band. 
Other standards were incorporated but do not affect the fre- 
quency allocation problem. The carrier frequencies used are 
49,750 kc for the sight and 52,000 kc for the sound transmission. 

The Television Committee of the Radio Manufacturers Asso- 
ciation has had under consideration for several years the ques- 
tion of proper standards for a television picture. These stand- 
ards have been changed from time to time as developments have 
taken place and the RCA engineers have always given their 
assistance to the Committee. The Radio Manufacturers Associa- 
tion has submitted to you a set of standards which is not identical 
with that which has been incorporated in the test transmitter in 
New York. The RCA is in thorough agreement with the stand- 
ards submitted by the Radio Manufacturers Association and if 
they are accepted by the Commission RCA will incorporate these 
standards in the present experimental system at such time as 
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it becomes convenient without destroying the usefulness of the 
present test schedule. 

The necessity for a wide transmission band for the reproduc- 
tion of images has been questioned in the past. I do not believe 
that a single engineer now questions this basic principle. The 
quality of a television picture is determined by the number of 
picture elements. The number of picture elements determines 
the frequency band which' must be superimposed on the radio 
frequency carrier. There is no short-cut and there is no com- 
promise. Consequently we must face the fact that good television 
requires a wide band of frequencies. Good television can be 
included in a band width of 6000 kc and any reduction in that 
band width will reduce the quality of the picture which it is 
possible to transmit. 

For home moving pictures the optimum viewing distance 
from the screen is probably of the order of four times the screen 
height. It has been shown that this same relationship holds for 
television images. Exhaustive tests with television systems and 
with motion pictures having detail structures equivalent to tele- 
vision show that with a viewing distance of four times the image 
height in order to have sufficient detail, approximately 440 lines 
are necessary. Less detail than this will result in unsatisfactory 
viewing conditions as regards image structure; the scanning 
lines, for example, will become visible and bothersome. Greater 
detail (more lines) than this will permit closer viewing distances 
with satisfactory characteristics. 

Using this number of lines and the other standards the max- 
imum video frequency band width can be calculated. This cal- 
culation when carried through shows that 2,500 kc is necessary. 
With maximum video frequency of 2,500 kc the communication 
band with both side bands naturally becomes 5,000 kc. For prac- 
tical receiver designs a guard band between the maximum video 
frequency of the upper side and the sound carrier should be 750 
kc. Also the guard band between the maximum video frequency 
of the lower side band and the sound carrier of the adjacent 
channel should be 250 kc. Thus we have a 6000 kc channel. 

In order to radiate a radio frequency modulated with this 
band width it is necessary to use frequencies for carriers which 
have the characteristics such that they can be radiated from 
an antenna system. It is now accepted by all engineers that this 
can be done only on frequencies above 30,000 kc and it is in that 
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location that the RMA Committee has made recommendations 
for the location of television. 

During the past several years the Federal Radio Commission 
and the Federal Communications Commission have reserved 
the band of frequencies between 42,000 and 86,000 kc (except 

56.000 to 60,000 kc) for television experimentation. We believe 
that approximately this amount of space should continue to be 
reserved for television and that other services should not be 
permitted to make inroads in this band and thus limit the space 
available for television. We are in accord with the limits pro- 
posed by the Radio Manufacturers Association that the space 

42.000 to 90,000 kc (except 56,000 to 60,000 kc) be reserved for 
television. A space of this approximate width is the very min- 
imum which should be allocated. Many people look on this 
amount of frequency space as being an extremely large amount 
to be assigned to a single service. The Commission must make 
a decision that television must either be eliminated or encour- 
aged to go on. The allocation of insufficient frequencies for its 
development will be tantamount to its elimination. The expen- 
ditures which will be required to develop a system of television 
capable of serving even the major cities of the United States 
will be so great that unless there is promise in the beginning 
that there is opportunity for full development I do not believe 
that any company can afford to continue to take a chance in this 
development. 

In the frequency band recommended for television only seven 
stations are possible in any one interference area. Using New 
York City as an example it is questionable whether or not a single 
transmitter on the highest building in New York can give an 
acceptable television service to all of New York and its surround- 
ing suburban areas. Such a station has a service range of from 
20 to 30 miles but it has an interference range of perhaps 200 
miles. That means the same frequency could not be repeated in 
New York and Boston or New York and Philadelphia. When one 
considers the concentrated population in the large population 
centers in the eastern part of the United States it is obvious that 
seven frequency assignments can be used up and still not give 
complete service to aU the large centers of population. Even with 
seven frequencies assigned it will be extremely difficult to pro- 
vide for competitive programs. 

So although we are talking of a frequency band nearly 50,000 
kc wide it is still much too small to meet the needs of the large 
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metropolitan areas. It is quite probable that some methods may 
be used by which it is possible to include a slightly larger number 
of stations within a given area within this frequency band. There 
is a possibility of dealing with both power and height of antenna 
and it will probably be possible to define fairly clearly the service 
area of a station. The suggestion has been made that the carrier 
frequencies of television stations operating on the same channel 
be staggered so that the carrier waves of stations on the same 
channel be not identical. This may reduce the necessary geo- 
graphical separation between stations on the same channel. 
However, this is full of conjecture and we cannot be sure unt 
more measurements and more observations are made. 

Another possibility is that a portion of one side band can 
be completely eliminated and more space made available for 
useful radiations from stations. In the experimental work sev- 
eral years ago it was learned that carrier and one side band 
would satisfactorily convey the picture information. Experi- 
mental and analytical work confirmed this and indicated limits 
and operating conditions. As picture detail increased it became 
apparent that an economical receiver design would be such as 
to receive carrier and only one side band. Since dropping or 
attenuating one side band is satisfactory for the transmission 
of the picture and since this results in the most economical re- 
ceiver (provided certain design considerations are taken into 
account), this is naturally the way our development program 
has progressed. At present no method is known of designing a 
practical transmitter for completely eliminating one side band. 
It is, however, possible in the transmitter and receiver to favor 
one side band and to partially attenuate the other. 

Future development may indicate how to obtain sufiScient 
reduction in the lower television side band so as to permit placing 
the sound carrier of the next lower channel closer to the tele- 
vision carrier of the channel under consideration than that indi- 
cated in the above discussion of a 6000 kc channel. This, how- 
ever, is a future development which may result from experience 
with television systems. If later it is found possible to operate 
television transmitters with essentially carrier and one side band, 
then it may be possible to reduce the 6000 kc channel, provided 
that receivers from the start have been built to accept carrier 
and one side band. This condition may be met since a logical 
receiver design would result in such characteristics. Such a 
later rearrangement would not affect existing receivers and 
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%vould only affect the frequency assignments for the transmitters, 
resulting in a few more channels within a given total frequency 
assignment for television. 

Again we must talk about something concerning which we 
do not have the final technical answer. These questions can be 
answered when a station of considerable power is on the air. 
Information on this subject will become available in the course 
of our test transmissions. Even although all the possibilities 
known at present become realities the increase in the number 
of possible stations in one interference area is small. 

The problem of assigning adjacent channels within the same 
service area is similar to that of other broadcast systems and 
is based on the ratio of wanted to unwanted signal. In the re- 
ceivers used in present research work the overall selectivity is 
sufficient for ratios of 10 to 1 or greater for unwanted as com- 
pared with wanted signals. However, in the early receivers diffi- 
culty is more likely to come from image responses and from cross 
modulation. This is a situation which will be improved as the 
art progresses and particularly as experience is obtained in the 
field, both with experimental systems and with commercial 
operations. It is the objective in our engineering work to direct 
apparatus development so that assignment may be made on 
adjacent channels in the same service area. 

Returning now to the position of the television band in the 
frequency spectrum above 30,000 kc, the exact location is subject 
to engineering judgment. We believe that the television band 
should not include frequencies below about 40,000 kc because 
of the possibility, especially during certain years in the eleven 
year sun spot cycle, of reflections taking place and producing 
multiple images. Such reflections have been observed on fre- 
quencies higher than this but as a usual thing they have been 
of short duration and should not cause serious trouble. These 
occasional transmissions over long distances may cause inter- 
ference, but the frequencies are not capable of carrying regular 
long distance communication. Long distance signals then are 
more a matter of interference than of service. Experiments 
show that to obtain a satisfactory television picture a signal 
strength of 1 millivolt or more is necessary and, as in every other 
case of radio reception, a small percentage of interference can 
be tolerated. It appears that above 40,000 kc this interference 
will be occasional and will probably occur during the time of day 
when television programs are of the least interest. 
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It has been proposed in order to avoid all possibility of this 
interference that the television band be started at a higher fre- 
quency. However, we have no assurance that this long distance 
interference would not exist at the higher frequencies. Observa- 
tions have been few and very scattered and not conclusive. 

At the present time the limit of commercial vacuum tubes 
capable of radiating high power television signals is something 
of the order of 60,000 kc. It is expected that research work 
will increase this limit. However, today it would be virtually 
impossible to build a transmitter with television modulation 
having a power output of much more than one kilowatt on fre- 
quencies above 60,000 kc. If this were made the lower limit then 
the initial test and commercial application would be delayed until 
transmitter developments could be made. How long this would 
be no one can say at this time. It has already been demonstrated 
tljat the frequencies between 40,000 kc and 60,000 kc can give 
a better service in large cities. Transmission data have been 
published and submitted to this Commission which show defi- 
nitely that a wider area can be served at 40,000 kc than with the 
same amount of power used at 60,000 kc. This is especially true 
where large buildings and irregular terrain present difficult 
transmission paths. 

Consequently it appears necessary and desirable that a band 
of frequencies below 60,000 ke be available for immediate ex- 
perimentation and development and probably that this band be 
eventually reserved for areas of large population. 

The upper limit of the television band has been suggested by 
the RMA as 90,000 kc. This will permit the construction of 
efficient single dial receivers to cover the entire band with tubes 
of current design. 

The field strength required for television services is depend- 
ent largely on external interference sources such as ignition sys- 
tems of automobiles and airplanes, sparking contacts, etc. 
Measurements have indicated that electrical interference field 
intensity of 1 millivolt per meter or greater is common in large 
metropolitan centers and becomes as low as 5 to 10 microvolts 
per meter in outlying residential districts having very light auto- 
mobile traffic. Placing the television transmitter antenna in the 
center of the metropolitan area to be served is favorable from 
the standpoint of providing high field strengths where interfer- 
ence levels are likely to be great and providing lower field 
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strengths in outlying territories where interference levels are 
likely to be lower. 

Experience indicates that a field intensity of at least 5 milli- 
volts per meter is required to give primary television service in 
an average residential district. In no case will a field strength 
less than 1 millivolt per meter give satisfactory performance 
even in an electrically quiet location. At signal levels less than 
this the receiver hiss becomes objectionable in the reproduced 
image. 

The developments in Europe should be given more or less 
weight. England, France, Germany and Holland are all carrying 
on experimentation in television transmission. All of these coun- 
tries are centering their attention on frequencies between 40,000 
and 50,000 kc. While mutual interference or mutual conflict 
between the assignments in this country and the assignments 
abroad is impossible, it is always desirable to have all nations 
working within the same band of frequencies for the same serv- 
ice. The International Radio Conference in Cairo undoubtedly 
will attempt to standardize the frequency band to be allocated 
for television. The weight of the European opinion will be to 
start at some place in the vicinity of 40,000 kc. If we are out of 
line with that desire then it will be necessary for us to present 
strong reasons for them to change. If, however, we are within 
the same general range then the band can be standardized. This 
simplifies the problem of building interchangeable television 
receivers. 

Concerning the method of distribution of television programs, 
there is no wire network at present capable of transmitting the 
broad bands necessary for television. The developments of the 
American Telephone and Telegraph Company with respect to 
coaxial cables are very interesting, but we are far from the 
realization of a network of such cables. It may be possible and 
practicable to use a radio distributing system. The feasibility 
of such a system was demonstrated as a part of the test from the 
Empire State Building in 1932 and 1983 at which time television 
programs were relayed from the Empire State Building via 
Arney’s Mount, N. J., to Camden, N. J., with satisfactory results. 
The R. C. A. Communications, Inc., has under experiment an 
ultra-high frequency radio channel between New York and Phil- 
adelphia. Its television application has not been developed as 
yet. Whether the system of distribution of program will be by 
wire or. radio cannot be answered at this time, but it is very 
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probable that radio frequencies will be used as a means of trans- 
porting television programs between centers of population. 

Another use of radio frequencies accessory to television 
service is that of supplying programs of current events as they 
happen. .It has been freely stated that when television comes it 
will be possible for people to sit in their homes and see and hear 
the President of the United States take his oath of office and 
deliver his inaugural address and to see as well as hear descrip- 
tions of the major sporting events. To get the events from the 
point at which they take place to the transmitter requires some 
means of transportation. In the operation of a broadcast station 
today there are frequencies available for picking up events and 
relaying them to wire line terminals from which they are carried 
by wire to the transmitters. Again, no such possibility exists in 
television. Space should be provided for picking up and trans- 
mitting sight programs by radio. At the moment this could be 
done in the television band, but when full use is made of this 
band then other space must be provided for this pick-up service. 

The Radio Manufacturers Association has recommended that 
additional bands of frequencies above 120,000 kc be allocated for 
television research. We concur in this recommendation. In the, 
early stages of development in the band 42,000 to 90,000 kc these 
additional bands above 120,000 kc could be used for short dis- 
tance relaying of programs such as is done in sound broadcasting. 
As equipment is developed which is capable of giving public 
service in these bands proper permanent provision can be made 
for pick-up service. It is all part of the same system and can 
be incorporated in an integrated whole. 

We realize that this presentation is sketchy and full of esti- 
mates and approximations. However, w^e just haven’t advanced 
far enough to do anything else. The RCA expects to be able to 
answer many technical questions more definitely within the next 
few months. We ask now that sufficient space be reserved in the 
frequencies which we believe to be suitable for television in order 
that television may be made available in the United States. 
When and if television is far enough advanced to receive general 
acceptance, its development should not be hampered by the 
necessity of displacing other services. 

We submit a list of papers on television which have been pre- 
pared and published by the engineers of the RCA. These papers 
contain much of the details of the tests which have been carried 
on in the past and a great deal of information concerning the 
propagation of radio waves in frequencies above 30,000 kc. 



A STUDY OF THE PROPAGATION OF WAVELENGTHS 
BETWEEN THREE AND EIGHT METERS 

By 

L. F. Jones 

(RCA Victor Company, Inc., Camden, New Jersey) 

Summary — A description is given of the equipments used in an airplane, 
dirigible, automobile, and indoors to measure the propagation characteristics 
of wavelengths between about three and eight meters. The majority of 
observations were of television transmissions from the Empire State building. 

The absorption of ultra-short-waves traveling through or around large 
buildings is shown to be in terms of amplitude about 50 per cent every 500 
feet for seven meters and 50 per cent every 200 feet for three meters. A num- 
ber of reflection phenomena are discussed and the influence of interference 
patterns on receiving conditions is emphasized. It is shown that any modula- 
tion frequency is partly or completely suppressed if propagation to the re- 
ceiver takes place over two paths differing in length by half of the hypothet- 
ical radio wavelength of the modulation frequency. For a good television pic- 
ture this corresponds to a difference of about 500 feet. 

' Various types of interference are mentioned. There are maps of the 
interference patterns measured in a typical residential room. The manner in 
which traffic movements cause severe fluctuations in ultra-short-wave field 
strengths at certain indoor points is shown by recorded field strengths. 

It is shown that the service range of the Empire State transmitters in- 
cludes most of the urban and suburban areas of New York, and that the inter- 
ference range is approximately 100 miles. Variations of field strength with 
altitude, beyond line of sight, are showTU Observations made at a distance of 
280 miles are described. 

An empirical ultra-short-wave propagation formula is proposed. Curves 
are then calculated showing the relations between wavelength, power, range, 
attenuation, and antenna height. 

Introduction 

U LTRA-SHORT waves are being widely applied experi- 
mentally to radio communication and broadcasting, 
and already have limited commercial application.^ Un- 
doubtedly the commercial utilization of these waves will increase 
rapidly. For the intelligent application of any band in the radio- 
frequency spectrum, the propagation characteristics of that band 
must be known. To learn such characteristics, the RCA Victor 

^Beverage, Peterson, and Hansell, “Application of frequencies above 
30,000 kilocycles to communication problems,” Prog. I.R.E., vol. 19, pp. 1313- 
1333; August, (1931). 

Reprinted from the Proceedings of the Institute of Radio Engineers. 
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Company, working jointly with RCA Communications, Inc., and 
the National Broadcasting Company, have investigated and are 
investigating the characteristics of wavelengths below ten 
meters. Others have experimented extensively on the same sub- 
ject.^ 

Although the terms ‘‘ultra-short wave’" and “ultra-high fre- 
quency'’ probably indicate a very wide band, from millimeters 
or centimeters to an upper wavelength limit of eight or ten 
meters, the range from about three meters to eight or ten meters 
will likely receive wide application prior to the still shorter waves. 
Transmitting and receiving equipment for operation on wave- 
lengths below several meters is being developed by a number 
of investigators, but the necessity of parting from the more 
conventional radio practices retards commercialization of these 
wavelengths. The paper by Beverage, Peterson, and Hanselh 
shows that wavelengths higher than seven or eight meters are 
occasionally reflected from the Heaviside layer. The present 
paper deals only with the propagation characteristics of wave- 
lengths between about three and eight meters. Probably wave- 
lengths of eight to twelve meters have similar propagation char- 
acteristics to the shorter ones, except that sky wave reflections 
may be experienced during certain years of the eleven-year sun 
cycle, especially in the middle of the day. This may not prevent 
these waves from being widely used for some types of local com- 
munication. 

Preliminary Tests 

Early in 1930, Dr. Haigis^ developed low power ultra-short- 
wave apparatus and conducted limited propagation experiments. 
Since the fall of that year various transmitters operating on 
wavelengths down to three meters have been manufactured and 
sold for special purposes. 

Measurements made in 1930 of the coverage of a transmitter 
of several hundred watts power operating on about six meters, 
located 120 feet above the street level in Camden, indicated that 
valuable broadcast services could be rendered by ultra-short- 
wave transmitters. Television was partly in mind in view of 
the impossibility of securing adequate channel widths on higher 

2 E. Karplus, “Communication with quasi optical waves,” Proc. I.R.E., 
vol. 19, pp. 1715-1730; October, (1931) ; Fritz Schroter, “Concerning the 
question of ultra-short-wave broadcasting,” Elec. Nach. Tech., vol. 8, no. io, 
pp. 431-437, (1931). (In German); J. R. Jouaust, “Some details relative to 
propagation of very short waves,” Proc. I.R.E., vol. 19, pp. 479-488. March, 
(1931). 

^ Then with RCA Victor Company, Inc. 



so 


Jones: Propagation of Wavelengths 


wavelengths and of eliminating the effects of sky reflections. 
Later, under the direction of Mr. R. D. Kell, the transmitter 
power was increased to one kilowatt, and more extensive ob- 
servations were made in the Camden-Philadelphia territory. 

Activities were then transferred to New York, where the 
preponderance of steel buildings, the remote locations of the 
suburbs, and the large amount of automobile ignition interfer- 
ence were expected to make most conditions of reception as 
severe as will be found in any American city. A fifty- watt trans- 
mitter was installed on the RCA Building at 51st Street and 
Lexington Avenue, the antenna being 650 feet above street level. 



Pig. 1 — Horizontal half-wave antenna. 


A vertical half-wave antenna was used for the majority of the 
observations, and transmission was conducted on 3.5, 5, 6.5, and 
8.5 meters. Observations were made in all directions inside and 
outside of buildings, and at distances up to thirty miles. It seemed 
advisable before making many observations to compare several 
antenna locations on the roof so that the optimum might be used 
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for propagation measurement purposes. Six antenna positions 
were tested in the tower that constitutes the topmost portion of 
the RCA Building, This tower is hollow, about forty feet in 
height, and is made of a latticew^ork of stone and bricks that 
include many openings for artistic purposes. Fig. 1 shows one 
of the arrangements, where the antenna w^'as placed horizontally 
within the hollow tower. Fig. 2 shows the final antenna location 
used for the tests. Differences between horizontally and ver- 
tically polarized waves appeared of little importance, but locat- 
ing the antenna high enough to be practically clear of the sur- 
rounding stone work, as shown in Fig. 2, gave an increase in 
field strength of several hundred per cent. Absorption in the 
lattice stone work was very great for antenna locations such as 
shown in Fig. 1. 



Fig. 2 — Final antenna for RCA building test. 

The propagation data gained from these preliminary Camden 
and New York tests were later enhanced by quantitative meas- 
urements made of transmission from the Empire State Building. 
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Equipment fob Empire State Tests 
Tratismitting Equipment 

Preliminai'y tests made with a portable ultra-short-wave 
transmitter located on the top of the Empire State building had 
shown the superiority of the 1300-foot altitude of this building 
over the 650 feet of the RCA building, and for this and other 
reasons space was secured on the 85th floor for the installation 
of television transmitters and studios. A picture transmitter 
operating on a frequency of forty-four megacycles (6.8 meters) 
with about two kilowatts output, and sound transmitter oper- 
ating on sixty-one megacycles (4.9 meters) with an output of 
about one kilowatt, were installed in July of 1931. Each trans- 
mitter was coupled through a 275-foot concentric tube transmis- 
sion line to its antenna. Fig. 3 shows the antennas used for the 
propagation measurements. Each antenna was a half wavelength 



Fig. 3 — General layout of Empire State building antennas. 

long and was made of one and one-quarter inch duralumin rod. 
The antennas were elevated above everything else, their bases 
being at about the same level as the top of the weather apparatus. 
In fact, the antennas were the highest structures above ground 
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level ever erected anywhere. The antennas were spaced nine 
feet apart which rendered a reasonably small reflection effect 
of the one on the other. 

The transmitters utilized precision quartz crystal oscillators, 
driving their respective power amplifiers through doubler and 
tripler stages. Each transmitter was modulated in its power 
amplifier stage, up to 100 per cent. Antenna currents as indi- 
cated by commercial thermocouple meters were about seven am- 
peres, and five amperes on forty-four and sixty-one megacycles 
respectively, and are thought to indicate powers of about two 
kilowatts and one kilowatt. 

Receiving Equipment Used 

Observations of the Empire State radiations were made by 
airplane, autogiro, dirigible, and automobile. The airplane ob- 
servations were made by Bertram Trevor and are discussed in 
a separate paper.^ 

The measuring equipment used for the majority of observa- 
tions consisted of a high sensitivity receiver of the superheter- 
odyne type using detector, oscillator, three stages of six-mega- 
cycle intermediate-frequency amplification (using pentodes) and 
second detector. This receiver was developed and calibrated 
under the direction of Mr. G. L. Beers of the research division. 
An indicating microammeter, with bucking battery, was in the 
second detector plate circuit. Several stages of audio amplifica- 
tion followed for operating a loud speaker for the sake of con- 
venience during certain tests. When used in an automobile the 
receiver was mounted on the rear seat and coupled to a half-wave 
vertical antenna. The receiver was calibrated by inserting a 
resistance of known value in the center of the half-wave receiv- 
ing antenna, and by inducing therein a current of known value 
from a signal generator. This calibration was checked by other 
measurements. Although they checked reasonably closely, it is 
probable that considerable calibration error existed. The equip- 
ment was calibrated for field strengths between tw'enty micro- 
volts and ten millivolts per meter, on frequencies between forty 
and eighty megacycles. To measure field strengths higher than 
ten millivolts a low sensitivity loop receiver, shown in Pig. 5, was 
constructed. It was a simple push-pull rectifier and covered the 
range from 10 to 400 millivolts. Both receivers were portable 

^ Bertram Trevor and P. S. Carter, “Notes on the propagation of wave- 
lengths below ten meters in len^h,” presented before November 2, 1932, New 
York meeting. Proc. I.R.E., this issue, pp. 387-426. 
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and were frequently carried from the automobile to the insides 
of buildings and residences. 

The equipment used in the dirigible was the loop set described 
above for low sensitivity usage, except that the loop antenna was 
replaced by a half-wave wire fastened to a bamboo pole. As 
shown in Fig. 4, this pole was held by the observer sitting near 
an open door of the cabin and it could be held in any position 
desired. During flight maximum field strength indication was 
generally obtained by holding the antenna in a vertical position. 

In the autogiro the field strength meter and altimeter were 
mounted together in front of a sixteen-millimeter movie camera, 
which was focused on the meters. Thus simultaneous recordings 
of altitude and field strength were readily made photographically. 
The Paulin altimeter was used in preference to any other type 
because there is a negligible time lag in the reading. A single- 
wire antenna as usually used with the field strength set was 
passed over the side of the cockpit, and during the descent of 
the autogiro hung very nearly vertically below the fuselage. 



Fig. 4 — Test in dirigible Columbia. 

Procedure 

The phenomena particularly observed were attentuation, in- 
terference patterns, interference noises, service range, interfer- 
ence range, signal fluctuations, and local receiving conditions. 
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Measurements were made by Messrs. Gihring and Turner along 
radials from the Empire State building in all directions except 
where water intervened. Two of the radials extended to 100 
miles and another to 130 miles. In all cases interference patterns 
were found to be very common, and the field strength at any point 
was therefore considered as the average of five minimum and 
five maximum readings as the car was driven through five sue- 



Fig. 5 — Circuit used in low sensitivity loop receiver. 

cessive minima and maxima. Several observations were made 
at a distance of 280 miles. 

Readings were taken inside of suburban homes, city office 
buildings, and apartment houses. Fluctuations found on the first 
floors of city buildings were studied by attaching a recording 
microammeter to the measuring set so that continuous records 
of the fluctuations would be available. Television receivers were 
located in about twenty-five residences or apartments, both in 
the city and in suburbs, to ascertain the signal strengths required 
for television reception and to observe the effects of different 
types of interference. 

The autogiro tests were made about sixty miles southwest of 
New York and were for the purpose of determining variation of 
field strength with altitude. It was useful for this particular 
purpose because with its motor shut off it could descend almost 
vertically. Descent of the ship was fairly regular with no appre- 
ciable swaying of the antenna. To eliminate ignition interference 
the motor was turned off during each descent, a dead-stick land- 
ing being made. 

Tests in the dirigible Columbia were made to study signal 
variations directly above New York City. Various measurements 
were made at altitudes from 3000 feet down to 40 feet. Unfor- 
tunately, the data obtained are of doubtful utility due to the 
reflection of the received wave from the metal cabin of the ship 
and to excessive ignition interference. 
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Attenuation 

Fig. 6 shows the average signal strength of the forty-four- 
megacycle Empire State signal to 130 miles, and Fig. 7 shows 
the same for sixty-one megacycles. These curves represent the 
averages of measurements in several directions. The locations 
of the points of measurement at distances less than about thirty 



Pig. 6 — ^Attenuation of 44-megacycle signals from Empire State building. 

miles were chosen at random and correspond to average outdoor’ 
conditions. The points beyond thirty miles however were selected 
with an eye to elevation, since the maximum receiving distance 
was being considered, and therefore the field strengths for these 
points are somewhat optimistic. It is seen from Figs. 6 and 7 
that the field strength within several miles of the transmitters 
is more variable than at greater distances. The diversity of the 
near-by measurements indicates that multistory steel-reinforced 
buildings have more influence on the field strength in the street 
than do the two- or three-story brick and frame houses farther 
away. On each of the three routes that extended 100 miles or 
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more, the forty-four-megacyele signal was heard to the end of 
the route whereas the sixty-one-megacycle signal was lost be- 
tween seventy and ninety miles. 

As mentioned above, each reading consisted of the average 
of about five maximum and minimum indications at any one loca- 
tion. If the maximum and minimum readings for any one loca- 










1 









i 











X 

0^ X 

X X 


i 


X MOh 

TCI AIR h 

ILL 



u 

Gf 

lu 

X 

* E 

X 

a 

X 

X 

k 

X 

X 

TOP OF £ 

OUTH 

MI 


g) _ 


G 


K 






b 

p 

JATTFE^ 









> 

PARlC-^ 









'TT ■ 

2 

i 

I 


i 


X 

X 

X 

V 




Z 

u 

U 

uj 



i 1 
1 1 


X 


> 

a 


! 

3 



1 




1 C 



lu 

u. 


i 

n 



1 

\~ 



o 1 

A 

SeOUTE 1 
ROUTE 7 

“0 C/AMO 
V MONT/I 

IN 

luK 

P'T 





0 

X 

ROUTE 1 
MISCELI 

0 AL 
ANE( 

BA^ 

)US 

ir 



e\ 




DI 

5TA^ 

ICE 

IN 

MILES 





1 ; 



5 

5 1 

10 2 

0 40' ,<c 

0 80 i£ 


Fig. 7 — ^Attenuation of 61-inegacyele signals from Empire State building. 


tion are compared to their average, a certain percentage of varia- 
tion will be indicated. When these “percentage variation” or 
“percentage deviation” values are plotted for all distances meas- 
ured, no correlation is found. In other words, the maxima and 
minimfl of the interference patterns are approximately as severe 
at great distances as at small distances. The mean “percentage 
variation” is sixteen per cent for forty-four megacycles and 
thirty-seven per cent for sixty-one megacycles. This apparently 
indicates, as expected, that sixty-one megacycles is more effi- 
ciently reflected than forty-four megacycles and that the sixty- 
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one-megacycle interference pattern is therefore more pro- 
nounced. 

Fig. 8 shows the variation of signal strength with distance 
for the first several blocks from the Empire State building. The 
maximum signal strength exists approximately three blocks from 
the Empire State building. The low field intensity existing im- 
mediately adjacent to the building is probably caused by the 
small amount of energy radiated downward by a vertical half- 
wave antenna. 



Fig. 8 — Field strengths immediately adjacent to transmitter. 


Observations made within buildings indicate considerable 
attenuation as the signal enters the building. Inside field 
strengths were from 1/2 to 1/200 of the field strengths imme- 
diately outside. (Refer to Figs. 15, 16, and 17, discussed below 
under "Reflections.”) At the center of a number of large busi- 
ness buildings there was practically no signal. In such cases, 
at the side of the building toward the transmitter the signal 
increased, and similarly at the side of the building away from 
the transmitter the signal increased. The presence of a good 
signal on the side of a large building away from the transmitter 
when no signal could be heard in the center of the building indi- 
cated complete absorption of the wave by the building and fairly 
effective reflection from other surrounding buildings. To check 
this the receiver was taken to the top of the Woolworth tower. 
In that case, the signal inside the tower was zero, on the outside 
of the tower towards the transmitter the signal was very strong, 
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and on the outside of the tower away from the transmitter the 
signal was zero. This checked with predictions since there are 
no buildings high enough and near enough to the Woolworth 
tower to reflect south traveling waves on to the south side of the 
tower. All observations seemed to show that ultra-short waves 
were considerably diffused when they reached the buildings of 
a metropolitan area. This general diffusion or dispersion is prob- 
ably fortunate since it provides signals on the ''shadow^' sides of 
buildings, just as light enters through a window not exposed to 
the sun. 

Observations from the RCA building transmitter were on 
wavelengths of 3.5, 5, 6.5, and 8.5 meters. The lesser absorption 
of the longer waves was clearly observed, also their greater 
ability to diffract. Behind hills the 6.5- and 8.5-meter waves 


A 



could be heard fairly well whereas a definite “shadow’’ would 
exist for some distance for the 3.5-meter signal. Other exper- 
iments were conducted from the RCA building to compare ver- 
tical with horizontal polarization but no definite conclusions were 
reached. 

Attenuation Formula 

It was observed that at such points as Battery Park, where 
a large number of steel buildings project themselves between 
the transmitting and the receiving antennas, the readings were 
extremely low as compared to readings taken where line-of -sight 
exists between antennas. 

An empirical measure of this attenuation caused by large 
buildings was obtained in the following manner. A practically 
identical method was used by Fritz Schroter.- Referring to Fig. 
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9, H is the height of the transmitting antenna, h is the height 
of the receiving antenna, R is the distance between transmitter 
and receiver, and d is the height of the absorbing layer. In the 
case of Manhattan the absorbing layer consists of an agglomer- 
ation of large and small buildings. S is the portion of the propa- 
gation path in which the wave must travel through or around 
buildings. We may assume that field strength varies inversely 
as the distance between the transmitter and receiver and that 
it has an additional attenuation, equal to The justifica- 

tion for using unity as the exponent for A is discussed near the 
end of this paper. The attenuation constant is most conveniently 
evaluated by comparing field strengths measured under various 
conditions of R and h. 
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It is obvious that Si = Ri(di — h) /{H — h) and Si = Ri{di~ h) /(H — h) . 
the refraction being negligible. Therefore, substituting in (2) : 
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If a is to be evaluated on the basis of S and X of (1) being expressed 
in kilometers, as is customary, (3) becomes: 


/ EiRi\/ \(H - h) \ 

a = 7550 logio ) ^ ) 

\ EiRj\R,(di -h) - Ri(di ~ h)J 

where H, h, Ri, R->, di, and di are expressed in feet. 


(4) 
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TABLE I 

Evaluation of Attenuation Constant. H =1300 ft. h =S ft. X=7 meters. 


Location 

R 

d 

E 

or 

S6th and .5th .\ve. 

13700 

20 

12. .5 

0.027 

86 th near 5 th Ave. 

13700 

150 

2.. 5 

8 1st and Central Park West 

12600 

20 

15 

0.031 

73rd and Park Ave. 

lOoOO 

100 

7.5 

14th and 10th Ave. 

6600 

100 

4.5 

0.029 

Battery Park 

1S500 

300 

1.0 

Theoretical 

52S0 

0 

20 

0.016 

Several three-mile readings 

1.5S40 

150 

2 

24th St.— Roof i 

3160 

0 

70 

0.055 

24th St. — Street 

3160 

1.50 

30 


T.XBLE II 


Ev.aluation of Attenu.^tion Constant. /r = 1300 ft. A — S ft. X— 5 meters. 


Location 


d 

E 

a 

24th St.— Roof 

3160 

0 

50 


24th St. — Street 

3160 

150 

20 

0.043 

42nd St. — High balcony 

4000 

0 

50 


42nd St. — Street 

4000 

150 

25 

0.026 

80th St. and let Ave. 

12700 

100 

1.9 


Battery Park 

1S500 

300 

0.65 

0.024 

42nd St. — High balcony 

4000 

0 

50 


Jericho Turnpike 

9S000 

30 

0.4 

0.016 


Calculated for line-of-sight at one mile. 


Table I shows the attenuation constants derived from forty- 
four-megacycle field strengths received at eight New York points. 
It is seen that the attenuation constants obtained vary between 
0.015 and 0.055, with 0.032 as the average value. Table II shows 
a similar set of data for sixty-one megacycles, the average value 
indicated being about 0.028. With due recognition of the several 
approximations involved, we may assume that an attenuation 
constant for the propagation of ultra-short waves through or 
around large buildings placed rather closely together is in the 
order of about 0.03 when used in (1). For seven meters this 
corresponds to an attenuation of about thirty-seven decibels per 
1000 meters, or an attenuation in carrier amplitude of 50 per cent 
every 500 feet. For three meters this corresponds to an attenu- 
ation of 50 per cent every 225 feet. Of course this attenuation 
only applies to the distance through which propagation takes 
place in the absorbing area “d,” and is in addition to the field 
strength decrease, that is, inversely proportional to the distance 
from the transmitter. 



42 


Jones: Propagation of Wavelengths 


Reflection 

During propagation a radio wave always experiences atten- 
uation, sometimes a change in polarization, and usually a certain 
amount of diffraction or other phenomenon changing the direc- 
tion of travel. The more common phenomenon causing deviation 
of the direction of propagation are reflection, diffraction, and 
refraction. All may be grouped under the general heading of 
deflection. 

Reflection may be of two types, diffused and specular. Dif- 
fused reflection is the throwing back of a wave by a surface 
having irregularities large compared to the wavelength. In 
specular reflection, the surface is smooth, with irregularities 
small compared to the wavelength. Diffraction is the deviating 
of a wave due to its finite size such as when the wave is partially 
cut off by an obstacle or passes near the edge of an opening. 
Refraction is the deviating of a wave as it passes through a 
medium of variable characteristics, wherein the velocity of prop- 
agation of some portions of the wave front are slower or faster 
than that of other portions. Another possible effect is scattering. 
Scattering is the dispersing of a wave in many directions by an 
object small compared to the wavelength. 

In the case of ultra-short waves it will be shown below that 
the first of these phenomenon, reflection, is very common, both 
inside and outside of buildings. The extent to which diffraction 
and refraction take place should not be prophesied until more 
extensive data are available. The reception of five-meter signals 
at distances of 200 and 300 miles at points far below the line-of- 
sight, and reception behind hills, indicate that diffraction or 
refraction or both do exist to a very noticeable degree. 

Returning to the subject of simple reflection, it was found 
that interference patterns invariably exist except where the 
terrain is open and flat. They are frequently caused by reflec- 
tions from relatively near-by objects. In many cases they are so 
severe that excellent signals will be received in “live spots” 
whereas several feet away from these spots no signal can be 
heard. The general occurrence and severity of interference pat- 
terns on these wavelengths is of great importance in the design 
of antennas for ultra-short- wave broadcast reception. The ques- 
tion of receiver antenna design is not discussed in this paper. 
The existence of an interference pattern infers reception over 
two or more paths of propagation. If the paths of propagation 
are sufficiently different in length, a distortion phenomenon sim- 
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ilar to the distortion in ordinary selective fading* will take place. 
In the case of television, where very high modulation frequencies 
are used when transmitting pictures of fine detail, the difference 
of path length that will produce distortion is surprisingly small. 

If a transmitter working at the carrier frequency / is sinus- 
oidally modulated by an audio frequency q, with modulation fac- 
tor k, the radiated signal is 

F = A sin + fc cos 2irqt) . 

As is well known this may be written 

Y = A sin 2Tft + ikA sin 2T(f + ^)^ + ^JcA sin 27 r(/ — q)t. (5) 

Wq shall analyze the case where two propagation paths exist between 
transmitter and receiver. The direct received ray may be represented 
by equation (5). Then the indirect (reflected) ray, traveling over a 
path S units longer than the direct path, reaches the receiver at the 
time 

S 

~ ~c 

where C is the velocity of light expressed in the same units as S. Thus 
the direct signal received is: 

I’l, = A sin 27Tft 
kA 

H — ^ sin 27r(/ + ry)/ 
kA 

H — ^ sin 27r(/ — q)l lower side band 

and the indirect signal received is: 


carrier 

— — upper side band (6) 
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Assuming that the two signals are received with equal amplitude, the 
terms A and B may be omitted. 

The condition of distortion under discussion is that where the 
two upper side bands arriving over the different paths arrive ISO de- 
grees out of phase, and the two lower side bands do also, but the car- 
riers arrive in phase. For the two upper side bands to be 180 degrees 
out of phase: 

A: k ( B \ 

— sin 27r(7 + q)t + — sin 27r(/ + q) f / - = 0 (S) 

and, 

27r(7 +.q)t - 27r(f + q) (^i - — = tt, 3t, ott, • • • = //^ tt. (0) 


Similarh^ the two lower side bands cancel when: 


27r(/ - q)t - 27r(f — q) 




where, 


== 1, 3, 5, 7, etc,, and wi 


TT, 37r, OTT, • ■ • == 

= 1, 3, 5, 7, etc. 


UoTT 


(loj 


We are interested in the case where the difference in the lengths of the 
propagation paths is minimum. In this case obviously ??2 = ^U““2 for 
the side bands to be ISO degrees out of phase and for the carriers to be 
4n phase. Substituting in (9) and (10), 

2(f -f q]t - 2(f + q)t + ^ 2(/ + q) - /m 


2(f - q)i - 2(7 - q)t -f 2(f ~ q) = m - 2. 


Subtracting, 


^~(f +'/-/+?) 
C 


9 


■irqS 


( 11 ) 


Thus S, the minimum difference in propagation path lengths 
producing cancellation of a modulation frequency of q cycles 


per second, is the velocity of light expressed in the same unit per 
second as S, divided by twice the modulation frequency. Thus 
S is equal to half the hypothetical radio wavelength of the modu- 
lation frequency. A similar conclusion was independently 
reached by Hans Roder of the radio engineering department 
of the General Electric Company. 
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Now if we assume the transmission of a television picture 
requiring a modulation frequency of 1,000,000 cycles, which 
would be a picture of good detail, equation (11) shows that a 
difference in path length of only 490 feet will cause the side bands 
corresponding to the highest modulation frequency to arrive at 
the receiver 180 degrees out of phase, causing partial or com- 
plete cancellation of these frequencies. It should be noted that 
the determining factors in producing this selective distortion 
are not the absolute lengths of the propagation paths or the 
wavelength used but rather are the difference between propaga- 
tion path lengths, the number of propagation paths, and the 
relative field strengths of the signals arriving over the several 
paths. 

This reduction of modulation frequencies by cancellation of 
side bands may be explained by considering merely that a plur- 
ality of propagation paths will produce “double images.” In case 
of greatest detail, the picture would have its elements alternately 
white and black. If the signal is received from two paths differ- 
ing in length sufficiently so that the wave received from the 
longer path is just one picture element later than the wave 
received from the shorter path, then for every dark picture ele- 
ment received from one path there will be a light picture element 
received from the other path at the same instant. If the signals 
are of equal intensity the received picture will be without image 
and will be of an intensity half way between light and dark. 
Obviously the type image referred to is unusual, but it indicates 
that the detailed portions of any image would be lost under the 
specified propagation conditions. If this “double image” analysis 
is applied to the 1,000,000-cyele picture previously referred to it 
will again be found that a difference in propagation path lengths 
of 490 feet will produce cancellation. 

If this selective distortion phenomena occurred in practice 
it would be a serious hindrance to television ; consequently care- 
ful observations were made at a number of points to ascertain 
if such distortion is produced. Pictures of 120 lines were trans- 
mitted. Fortunately, no indications of decreased picture detail 
were found, and therefore it may be assumed that at reasonable 
ranges, signals seldom if ever arrive at a receiving point over 
two or more propagation paths differing by as much as 2120 feet, 
that being the minimum path difference producing distortion of 
a 120-line picture. No observations were made on pictures of 
greater detail than 120 lines. Observations conducted at ranges 
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beyond thirty miles were not numei*ous enough to make predic- 
tions regarding image distortion at long range. Additional data 
on reflection are discussed below under “Signal Fluctuations.” 

A path length difference of somewhat less than S will of 
course result in partial cancellation. If the carriers arrive some- 



Fig. 10 — Descent by autogiro over Moorestown, New Jersey 

what out of phase the modulation frequency in question will not 
only be partly suppressed but will also be somewhat distorted. 
The various types of distortion that might arise will not be dis- 
cussed in this paper. 

When listening to the small transmitter in the RCA building 
an interesting type of distortion was produced by coupling the 
master oscillator too closely to the power amplifier. This caused 
excessive frequency modulation. This frequency modulation 
shifted the locations, at modulation frequencies, of the max- 
imums and minimums of the interference pattern. Thus distor- 
tion would be observed when the receiver was located on certain 
points of the interference pattern. 
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Reflections within the rooms of a residence were investigated 
by Messrs. Koch and Grundman of the research division in con- 
nection with the design of television receiving antennas. This 
paper does not deal with reception, nevertheless the field strength 
contour lines obtained on the first floor of the residence are 



Fig. 11 — Descent by autogiro over Mt. Holly, New Jersey 

reproduced in Figs. 15, 16, and 17 to indicate the general in- 
tensity of reflections. The data were obtained by using a small 
transmitter placed one hundred feet from the residence, and a 
small calibrated receiver. Polarization was vertical. Fig. 15 
shows contours for a transmitted frequency of fifty megacycles. 
In Fig. 16 the transmitter location was shifted ninety degrees. 
The contours within the building changed completely. In Fig. 17 
the transmitter was returned to the first location and its fre- 
quency changed to seventy megacycles. Again the contours were 
quite different. 
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For all measurements made near the ground, the predominat- 
ing interference is caused by automobile ignition systems. Some 
makes of cars can be heard at distances of several blocks, and 
all cars produce at least some interference. Airplanes in flight 
generally cause more trouble than automobiles but at most loca- 



Fig. 12 — Horizontal distribution of signal, 44 megacycles. 


tions this type of interference is relatively rare. Telephone ex- 
changes produce a distinct type of interference noise for a dis- 
tance of several blocks. Street cars and elevated trains produce 
a clicking kind of interference, but often a six-car elevated train 
is not as troublesome as single automobiles of certain makes. 
Interference from automobiles is effectively suppressed by means 
of resistors in series with the spark plugs and distributors and 
condensers in shunt with the generators, but in view of the great 
number of automobiles now in existence without such radiation 
suppressors, it is probable that this type of interference will be 
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of prominence for a number of years. The ignition interference 
noise is best described as a series of short, sharp clicks. It was 
found on all wavelengths between three and ten meters with no 
apparent prominence at any one wavelength. During sound 
reception ignition interference is noticeable at very low level 



Pig. 13 — ^Horizontal distribution of signal, 61 megacycles. 

due to its unpleasant sound. During television reception black 
or white stripes appear across the picture. 

When listening some distance above the ground, such as when 
on the fourth floor or higher of a large building, the ignition 
systems of the individual engines can no longer be differentiated 
and it is not known whether the general noise then heard is chiefly 
ignition interference or not. Elevator motors are not especially 
bothersome but, along with small motors, loose lighting connec- 
tions, etc., cause a noticeable amount of trouble at certain loca- 
tions. 
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Li^htnin^ struck tlic Einpirc Stutc uutcimus scvGrul times 
when they were in operation with no effect except to produce a 
loud click in the output signal. Ordinary atmospheric static was 
not heard on ultra-short wavelengths, even during the middle 
of the summer, except on several occasions when lightning struck 



Fig. 14 — ^Vertical distribution of signal, 44 megacycles. 


within one mile of the receiving point. Then several clicks were 
audible. 

Measurements Above Ground 

Fig. 10 shows measurements of field strength versus altitude, 
taken by Mr. C. J. Young in an autogiro over Moorestown, New 
Jersey. Moorestown is seventy-five miles from New York City. 
The field strength was practically constant from 4000 feet down 
to 3000, then fluctuated slightly down to 1000, and then decreased 
greatly during the remainder of the descent, with rapid but 
regular fluctuations during the last 400 feet. The causes of such 
relationships between field strength and altitude at distances 
beyond line-of-sight, and the constancy of this phenomena from 
day to day or from season to season, are not definitely known at 
this time. Fig. 11 shows the same data for the same frequency 
(forty-four megacycles) for a descent near Mt. Holly. Mt. Holly 
is sixty-four miles from New York City. In this case the signal 
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strength remained constant, down to about 1500 feet, then de- 
creased more or less linearly to the ground. 

It was noted from these and other measurements made at 
long distances that the field strength increases with altitude far 



Fig. 15 — Field strength -within a residence, 50 megacycles. 


above the altitude for line-of-sight. This indicates a marked 
attenuation in the direct wave when it passes close to the ground 
before reaching the receiving antenna. At high altitudes the field 
strength varies essentially inversely as the distance from the 
transmitter, indicating little or no absorption in propagation 
through clear atmosphere. 

Measurements were made in the dirigible Columbia to explore 
the vertical and horizontal distribution of the field near the 
transmitting antennas. The ship proved somewhat unsuitable 
for the purpose because of the difficulty of flying in true circles, 
of making vertical descents, and of preventing reflections of the 
signals from the metal cabin. The ignition interference from one 
motor was very severe with the result that this motor was shut 
off during the test. 

The horizontal distribution of the field at 1500 feet for forty- 
four megacycles is shown by Fig. 12 and for sixty-one megacycles 
by Fig. 13. Except for the possibility of the action of one trans- 
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mitting antenna upon the other, or of the weather instrument 
upon either antenna, the horizontal field patterns should be cir- 
cles. The measured patterns are not circular but do not bear 
obvious relation to these reactions. An error was probably caused 



Fig. 18 — ^\^ariation of field strength with elevator position. 

by the cross wind which prevented the center line of the ship 
from being perpendicular to the line to the transmitter, for most 
portions of the circle. Fig. 14 shows the data from one vertical 
descent from 1000 feet down to fifty feet. The descent was made 
over the East River at a distance of about 6000 feet from the 



Fig. 19 — Field strength at Twenty-fourth Street, 5 p.m. 


Empire State antennas. The increase in signal strength at lower 
altitudes is probably accounted for by reflections from the ground 
and buildings, and especially from the water during the last sev- 
eral hundred feet of descent. 

A number of observations made in the air by Bertram Trevor 
are described in a separate paper.^ 
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Signal Fluctuations Near Transmitter 
All ultra-short-wave observations made at distances within 
the line-of-sight have shown no indications of fading. However, 
a type of artificial fading caused by conditions near the receiving 
location was observed when receiving on the lower several floors 



Fig. 20 — Field strength at Twenty-fourth Street, 9 p.m. 

of buildings on streets carrying considerable traffic. This type 
of signal fluctuation has been observed only in the business sec- 
tion of the city but may also apply to certain other locations. 
To study these fluctuations an automatic recorder was attached 
to the output of the field strength measuring set. Fig. 18, taken 
on the third floor of a large building about one mile from the 
Empire State Building, shows a severe decrease in field strength 



Fig. 21— Field strength at Twenty-fourth Street, 9 P.M., superior location. 

at the time when a freight elevator passed this third floor. The 
receiving antenna was located near the entrance to the elevator 
shaft. Fig. 19 shows the field strength recorded on the first floor 
of a large building on 24th Street at 5 p.m., whereas Fig. 20 
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shows exactly the same measurement taken at 9 P.M. At point 
“A,” an automobile passed the building. The greater smoothness 
of Fig. 20 over Fig. 19 is accounted for almost entirely by the 
lack of traiBc on 24th Street at 9 P.M. It is surprising to know 
that the receiver was located almost in the center of the building, 



Fig. 22 — Field strength in second floor of RCA building, superior location. 


seventy to one hundred feet from 24th Street. The fluctuations 
shown had nothing to do with ignition interference, which in this 
case was completely overridden by the strong signal. For the 
measurements shown in Fig. 19 and Fig. 20 the receiving antenna 
was placed at a point of minimum field strength. Fig. 21 shows 
a record taken at 9 P.M. with receiving antenna moved several 



Fig. 23 — Field strength in second floor of RCA building, inferior location. 


feet to one side to a point of maximum field strength. This curve 
is much smoother than that in Fig. 20 and indicates the import- 
ance of locating the receiving antenna at a point of maximum 
field strength. 
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Fig. 22 shows a I’ecord of field strength of the forty-four- 
megacycle transmitter measured on the second floor of the RCA 
building, near the northeast corner (51st Street and Lexington 
Avenue). The receiving antenna was at a point of maximum 
field strength. Fluctuations were of only minor extent and were 
less severe when the traffic lights were “go” for cross-town 
traffic. Fig. 23 shows the same thing with the antenna moved 
several feet to a point of minimum field strength. In this case 
the fluctuations were prohibitively severe, particularly when 
Lexington Avenue traffic was running. Charts taken over a 
longer period of time than shown corroborate these statements. 
Again the necessity of locating a receiving antenna at a point of 
maximum field strength is made clear, and the surprising effect 
of moving objects upon the received field strength is shown. 
The major cause of the fluctuations is not so much an attenuation 
of the signal entering the building, although this effect may take 
place, as it is a shifting of the position and shape of the inter- 
ference pattern within the building. This was indicated by lo- 
cating several television receivers in a large first floor room of 
a downtown building. Television pictures would fluctuate in 
and out on the several receivers at random, seldom simulta- 
neously, thereby indicating a shift of position of the interference 
pattern. It has been shown that elevators, automobiles, and 
trucks cause the fluctuations under discussion, and undoubtedly 
any moving metal object such as elevated trains and steel frame 
doors will have similar results. It is well known that a person 
walking near a half-wave ultra-short-wave receiving antenna 
will considerably affect the amplitude of the received signal. 
These fluctuations must be taken into account in designing ultra- 
short-wave broadcast receivers and receiving antennas. 

Observations made on the first floors of residences in the 
suburban area, and on the higher floors of apartment houses and 
hotels in the city areas, indicate that fluctuations are much less 
severe when the receiving point is not near traffic. Fluctuations 
of the severity shown above will not have to be contended with 
in the majority of ultra-short-wave broadcast receiver install- 
ations. 

Long-Distance Reception 

To find the maximum range of the transmitters, observations 
were made at several distant points including Mt. Greylock and 
Mt. Washington. The high sensitivity receiver previously de- 
scribed was used for these tests, with a half-wave antenna fif- 
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teen or twenty feet above ground. Both the sixty-one- and forty- 
four-megacycle transmissions were observed, the observations 
usually being carried on alternately on each frequency for periods 
of ten to fiften minutes. (See Fig. 28.) 

The top of Mt. Greyloek is 3505 feet above sea level, 140 miles 
from New York, and 5000 feet below line-of-sight to the Empire 
State antennas. Both signals were received at Mt. Greyloek, 
with large but gradual variations in signal strength. During 
the eclipse of August 31, 1932, nothing unusual was observed. 

The top of Mt. Washington is 6290 feet above sea level, 284 
miles from New York, and 37,600 feet below line-of-sight to the 
Empire State antennas. On September 3 both signals were 
strong. Thereafter, on September 6, 7, and 8, the forty-four- 
megacycle signal was usually audible but seldom delivered more 
than one microvolt to the receiver terminals. The sixty-one- 
megacycle signal was inaudible most of the time. Its apparent 
inferiority may be accounted for by the use of program modula- 
tion, which was not as favorable for threshold hearing as the 
1000-cycle tone used on forty-four megacycles. 

Various types of fading phenomena presented themselves. 
At times the signal was nearly constant and at other times faded 
at various rates up to ten or twenty cycles per second. The peak 
amplitudes varied greatly. Sometimes the signal would burst 
through sharply for a short period, then be inaudible for a few 
seconds, then rapidly burst through again at different ampli- 
tudes. At other times marked fading at several cycles per sec- 
ond would be heard, the signal frequently dying out after five 
or six peaks. At times 2000 cycles, the second harmonic of the 
modulation frequency, was distinctly heard. On September 8, at 
9 :35 A.M., the signal, after being very weak whenever observed 
during the previous two days, suddenly started to increase. After 
a series of fading cycles, with each peak higher than the previous 
one, the signal delivered over ten microvolts to the receiver 
terminals. After reaching this peak the signal died off in a 
similar manner, the entire process lasting about fifteen seconds. 
During the peak of the cycle the signal varied from zero to its 
full value about three times per second. These types of ultra- 
short-wave fading differ from the fading experienced on higher 
wavelengths in that, instead of the signal varying between rela- 
tively fixed maxima and minima, it reaches momentarily an occa- 
sional maxima of great intensity. 

Measurements were made at 200, 150, and 100 miles from 
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New York at relatively low elevations. At 200 miles the signal 
was momentarily audible about every ten minutes or so. At 100 
miles reception was almost identical to that on Mt. Washington, 
the same phenomena being noticed. This was north of New York. 
At Camden, eighty-five miles south of New York, the signal evi- 
dences less severe fluctuations. An observation taken at sea 170 
miles east of New York, using an antenna sixty feet above sea 
level, indicated little or no variation in signal strength. There- 
fore long-distance reception is not always accompanied by severe 
fluctuations of the signal. 

The exact manner in which long-distance ultra-short-wave 
propagation takes place cannot be predicted from the insufficient 
data on hand. Three possibilities regarding the Mt. Washington 
reception seem highly improbable. The first is that local con- 
ditions around the receiver caused some of the variations. This 
is unlikely because conditions near the location were exception- 
ally constant due to the isolation of the location. Also identical 
results were obtained at several points of reception. 

The second possibility is that the variations were caused by 
a single ray varying in amplitude. This may have occurred when 
the signal varied irregularly. But at times periodic fading was 
observed, and it is improbable that a single ray would vary uni- 
formly at a rate of several cycles per second. Furthermore, the 
reception of a 2000-cycle tone intimates the existence of multi- 
path propagation. 

The third possibility is that the variations were caused by 
interference between two ground rays or between a ground ray 
and some other ray. A ground ray would be highly improbable 
at Mt. Washington due to the great attenuation. Furthermore, 
since all signal variations heard were relatively rapid, cancella- 
tion of the steady ground wave should be for only brief periods, 
whereas actually the signal was often inaudible for hours. The 
presence of a ground wave of the type observed for higher wave- 
lengths, therefore, seems unlikely. 

Whether the signals heard were diffracted or refracted or 
propagated in some unknown manner cannot be predicted as yet. 
It is possible that refraction due to air layers of different density, 
as suggested by R. Jouaust® is a cause of the fluctuations observed. 
If such fluctuations are ever controlled or eliminated, ultra-short 
wavelengths may prove useful for services extending to several 
hundred miles. 

® R. Jouaust, “Some details relating to the propagation of very short 
waves,” Proc. I.R.E., vol. 19, pp. 479-488; March, (1931). 
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Service akd Interference Ranges 

It seems incorrect to refer to a definite service range for an 
ultra-short-wave broadcast station. Conditions at receiver loca- 
tions are so highly variable that many listeners twenty-five miles 
from a transmitting station will receive good service, when many 
fifteen miles from that station will receive poor service. Inter- 
ference noises on wavelengths between three and ten meters 
propagate rather poorly, and therefore are sources of interfer- 
ence only in their immediate vicinity. Frequently a receiver sev- 
eral hundred yards from another will receive a serviceable signal 
when the other will not. Of course, this condition also occurs 
between the wavelengths of 200 and 550 meters, but not to such 
a great extent since interferences on higher wavelengths atten- 
uate less rapidly and, in the case of thickly populated areas, tend 
to blend together into a considerably more uniform “interference 
level” than is found on ultra-short waves. Therefore, any estima- 
tion of service range for ultra-short-wave broadcast transmission 
must be made with the full knowledge that it is only an average 
range. Many listeners within and without the range will receive 
unserviceable and serviceable signals, respectively. From the 
television observations and field strength measurements made 
under various conditions at points in and around New York, it 
seems that the average minimum field strength required for a 
serviceable 120-line television signal using simple half-wave 
receiving antennas is at least one millivolt. Higher field strength 
would have been needed for receiving pictures with more lines, 
because the receiver would have been designed to cover wider 
side bands with resulting increase in noise pick-up. The use of 
improved receiving antennas and higher receiving antenna loca- 
tions might have permitted the proper reception of 120-line tele- 
vision signals with available field strengths of somewhat less 
than one millivolt. 

Referring to Figs. 6 and 7, it is seen that the 120-line picture 
service range of the Empire State forty-four-megacycle trans- 
mitter is fifteen miles or more, depending on the type of receiving 
antenna used. With due care in designing and installing receiv- 
ing antennas, the Empire State transmitters will adequately 
serve the majority of the urban and suburban areas of the coun- 
try’s largest city. 

The interference range of ultra-short-wave transmitters is 
difficult to define due to the major dependence of the field strength 
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upon altitude. As a consequence the question of whether or not 
a city 100 miles from an ultra-short-wave transmitter will receive 
interference depends largely upon the elevations of the two cities 
and the two antennas, and the elevations of the territory between 
them. It seems that transmitters of several kilowatts power with 
antennas approximately as high as those on the Empire State 



building should not be located as near to each other as 100 miles, 
if high quality broadcast service is to be rendered. 

The data discussed above on attenuation, reflection, interfer- 
ence, signal fluctuations, and service range should be of some 
assistance in planning the use of the ultra-short-wave band. But 
some empirical formula is needed to show the relationship be- 
tween wavelength, power, attenuation, and transmitter antenna 
height, especially as applied to propagation in metropolitan areas. 

The presentation of any ultra-short-wave propagation for- 
mula, even though empirical, is accompanied by some hesitation 
at this comparatively early stage of ultra-short-wave investiga- 
tion. However, although the formula and curves given below for 
propagation over urban territories should be considered as pre- 
liminary, they are thought to be of enough value to justify their 
publication. 

The calculated field strength is again based on the assumption 
that the wave, passing from transmitter antenna to receiver, 
first passes only through clear atmosphere with field strength 
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inversely proportional to distance and then passes through a 
layer of height ''d” in which trees and buildings and other objects 
produce an additional attenuation due to absorption. We are now 
interested in calculating field strengths for distances greater 
than several miles and the value of a found for propagation 
through large buildings cannot be used, neither can equation 
(3), because it does not take into account the curvature of the 
earth. 

Eeferring to Fig. 24, H is the transmitter antenna height, 
d is the height of the absorbing layer, R is the distance from 
transmitter to receiver, and P is the elevation needed for tan- 
gential line-of -sight to the distance R. The receiver antenna is 
assumed to be within a few feet of the ground. When it is not, 
the value chosen for d should be reduced accordingly. 

7 + 90° + 0 + o: = 180° 

7 = 90° — (p — a. 

It is well known that for distances not exceeding several hun- 
dred miles, the range of vision to point of tangency varies as 
the square root of the elevation. Thus, 

R = KVP P - — 

For R and P in feet, if = 6500 Since a is not over several degrees, P 
practically equals PS and R practically equals These will be con- 
sidered as equalities. 



cos (A B) = cos A cos P — sin ^4 sin B 
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COS (90° — 7 ^ = sin 7 = cos cos 


— sm cos 


r 

sin“^ — 

L 


sin 7 = 


Just as. 


Solving, 


V 


E 


R’- 

F = — / = - 


S sin y = d — f=d — 


sin y ± \/K^ sin 2 7 + 4dK‘^ 


R^- 

H + ~ 
IG 


If H, E, R, d, and S are in feet, if =6500 and F= 19 4X 10* Then, 


/' - ( 


376 4 X 10‘ 


\19 4 X 10*/ ^ R / 

S = [42 2500 X 10* X sin y 

± \/(17.8506 X 10^ X sin27) + (4(i X 42 2500 X 10«) ]/2 (141 

Values of sin y for use in (14) are found by (13) The distance 5 then 
given by (14) is the distance through which absorption will take place 
The field strength E, may be represented by the equation 

K,VW 

Es = ri5) 

Ro 
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where, 

W = antenna power in watts 
Rq = total distance in kilometers = 

S'© = absorption distance in kilometers = 1,61 xS. 

A r=: wavelength in kilometers 
Kq constant 

= field strength in millivolts per meter. 

The exponent of A, x, has been evaluated at unity, which value 
seems to render the closest agreement between (15) and the 
available measurements. By comparison with the measurements 
it is found that Ko should be evaluated at 0.72. This does not 
check with the theoretical value but, for the sake of consistency 
in this paper, it will be used in calculating the curves below. 
Then, whether absolute values of field strength are correct or 
not, the relative values will be correct and conclusions regarding 
service areas will be unaffected by any error in Kq. Therefore, 


Es 


0.72v'W^ 



Rq 


To evaluate d, the only unknown in the equation for S (equa- 
tion (14) ) , and a, which is the only remaining unknown of (16) , 
several values of each were chosen arbitrarily and curves calcu- 
uated for H == 1300 which is the value corresponding to the Em- 
pire State antennas. Comparison of the calculated and measured 
curves indicated that cZ = 25 feet and a = 0.004 were appropri- 
ate empirical values to choose. Fig. 25 shows the correlation, on 
forty-four and sixty-one megacycles, between the calculated and 
measured field strengths. The empirical constants were pur- 
posely chosen to indicate greater attenuation than the actual 
measurements because the curves of actual measurements are 
somewhat optimistic at long distances due to favorable selection 
of the distant points of measurement. 

Using the values of d and a that were chosen, Fig. 26 shows 
the relationship between field strength, antenna height, distance, 
and wavelength. These curves are based on a power of one kilo- 
watt but of course are applicable to any power, E^ varying as 
the square root of the power. These curves are very useful in 
showing the increasing importance of antenna height with in- 
creasing distance, the necessity of very high antennas or very 
high powers for good television broadcast service, and the in- 
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creasing superiority of the higher wavelengths with increasing 
distance. 

Fig. 27 contains part of the information of Fig. 26 in a 
different form. It shows the range at which 0.5 millivolt will 
be obtained for various values of transmitter power, antenna 
height, and wavelength. 

It must be emphasized that the field strengths shown in Fig. 



Fig. 25 — Actual and theoretical attenuations. 


26 and Fig. 27 are for outdoor points near the ground, such as 
when making measurements by automobile, and that higher in- 
tensities are always available by installing outdoor receiving 
antennas at higher elevations. The field strengths of Figs. 26 
and 27 can be somewhat increased, for a given transmitter 
power, by the utilization of transmitting antennas producing 
greater horizontal concentration of the radiated energy. It must 
again be mentioned that the curves are based on (16) , where Ko 
was arbitrarily chosen as 0.72 for the reasons stated, and fur- 
thermore that the curves do not apply to field strengths beyond 
the line-of-sight distance. The long-distance airplane observa- 
tions indicated little or no absorption of the wave when the 
receiving point is sufficiently high so that the wave does not pass 
near the ground. Thus a five-meter transmitter with antenna 
800 feet above ground will produce approximately the same field 
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strength at 100 miles at high altitude as at fifteen miles on the 
ground. 



Fig. 28 — Profile from New York to Mt. Washington. 

Conclusions 

It is hoped that the above data and discussion will assist in 
visualizing the propagation of ultra-short waves and in bringing 
about their intelligent utilization. It is apparent that their 
propagation characteristics are as would be expected for wave- 
lengths longer than those of light but shorter than those gen- 
erally used for radio, and that no inexplicable phenomenon of 
immediate importance has as yet been encountered. It is assured 
that for the transmission of television broadcasting, sound 
broadcasting, facsimile broadcasting, aircraft communications, 
police communications and certain other types of public and 
private communications, ultra-short waves will prove definitely 
useful. 
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NOTES ON PROPAGATION OF WAVES BELOW TEN 
METERS IN LENGTH' 

By 

Bertram Trevor and P. S. Carter 

(RCA Communications, Inc., Riverhead, L. I., N. Y.) 

Summary — The results of a- number of measurements of field strength 
variation with distance from the transmitter and height above ground for 
several wavelengths in the 7'ange below ten meters are shown. Observations 
of the two transmitter's on the Empire State Building in New York City, on 
Uh omd 61 megacycles, were made in an airplane over Long Island, These tests 
show the nature of the interference patterns set up by the combination of the 
direct and reflected rays. With low transmitting and receiving antennas, 
field strength measurements with distance were taken for both horizontal 
and vertical polar izatioTis over Long Island sand on 41 .J^ and 61 megacycles. 
Similar tests were made over salt water with low antennas on SJ^.S and 59,7 
megacycles. Another airplane test was made on 34 megacycles with a higher 
transmitting antenna a7id increased powe7' up to a distance of 200 kilometers. 
The intervening territory in this run was partly land and partly salt water. 

The experimental data are discussed in comparison with the theoretical 
curves determined from optical principles. The experimental results are 
shown to conform in general with the predictions from theoretical consider- 
ations. 

The derivation of the theoretical formulas is shown in the appendix. 

Introduction 

W ITH the increasing use of wavelengths below ten meters 
in connection with radio communication and television, 
it has become increasingly apparent that our knowledge 
of the propagation of waves in this range should be augmented. 
In a previous paper^ the results of some experiments made by 
engineers of R.C.A. Communications, Inc., were described in a 
qualitative way. More recent developments of receiving and 
transmitting apparatus has made it possible to obtain quantita- 
tive data. At the present writing considerable additional infor- 
mation of value has been accumulated. 

Experiments were made with several wavelengths over salt 
water and over Long Island ground with both horizontal and 
vertical polarizations on frequencies between 61 and 34 mega- 
cycles. A few tests were made on 435 megacycles but no quanti- 
tative information is available. 

1 H. H. Beverage, H. 0. Peterson, and C. W; Hansell, “Application of 
frequencies above 30,000 kilocycles to communication problems,” Proc. 
I.R.E., vol. 19, no. 8, pp. 1313-1333; August, (1931). 

Reprinted from Proceedings of the Institute of Radio Engineers, 
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I. Experiments 

Propagation Over Long Island for Frequencies of 
H and 61 Megacycles 

A number of measurements of field strength from two trans- 
mitters located in the Empire State Building were made in an 
airplane flying over Long Island. The transmitting antennas 
were located above the Empire State tower at a height of 396 
meters above sea level and were radiating vertically polarized 
waves on 61 and 44 megacycles. The receiver used for measuring 
' field strengths consisted of three stages of tuned radio-frequency 
amplification and high-frequency detector in one unit, feeding 
into a revamped RCA AR-1286 aircraft beacon receiver serving 
as an intermediate-frequency amplifier, at 3113 kilocycles, second 
detector, and direct-current amplifier. The output of the direct- 
current amplifier was maintained constant on a milliammeter 
in the plate circuit of this tube. With this set-up no modulation 
was required and the carrier alone was used for observing field 
strengths. 

The receiver with its supply batteries was installed in a 
Curtiss-Robin cabin monoplane with complete bonding and 
shielding to eliminate ignition interference. A vertical duralu- 
min pipe two meters long mounted on the fusalage near the 
rear edge of the wing served as an antenna. Each observation 
of field strength included readings of both radio-frequency and 
intermediate-frequency screen-grid voltages to give constant out- 
put of the direct-current amplifier, and a record of altitude and 
location. 

The calibration of receiver and antenna in the plane was 
effected by observing the output of a signal generator radiating 
a calculated field strength at a measured distance of about one 
wavelength. 

It was found that the receiving antenna was quite directive 
on 61 and fairly nondirective on 44 megacycles. The directive 
diagram on 61 megacycles is shown in Fig. 1, and was obtained 
by flying in a flat circle over the Suffolk County Airport. It 
will be seen that the antenna dii'ectivity on 61 megacycles shows 
a variation of nearly 2 to 1. Some of the data taken were cor- 
rected for this directivity. 

The profile map. Fig. 2, shows Farmingdale to have direct 
vision to the Empire State Tower. Patchogue comes 30 meters, 
Suffolk Airport 259 meters, and Montauk Point 1120 meters 
below the line of sight. Field strength readings were taken from 
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0 to 1200 meters altitude at North Beach, Farmingdale, 
Patchogue, Suffolk Airport, and Montauk Point. Also, readings 
were taken at altitudes of 300 and 1200 meters flying between 



Fig. 1 — Directive diagram of airplane antenna, 61 megacycles. 



Fig. 2 — ^Profile map airplane route from Empire State 
building over Long Island 


these points. Both transmitters were observed in this manner 
with the exception that data were taken at 900 meters in place 
of 300 meters on 61 megacycles between Southampton and Mon- 
tauk Point, because the signal below 900 meters was too weak 
to measure. At Southampton readings were taken at altitudes 
of from 200 to 1200 meters on 61 megacycles. 

Figs. 3 to 7 show the field strength variation with altitude at 
North Beach, Farmingdale, Patchogue, Suffolk Airport, and 
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Montauk Point on 44 megacycles. The irregularities of Figs. 3, 
4, and 5 show marked interference phenomena. As the inter- 


5 » 



0 4^ 8oo /200 

Jl)t)tucfe oSotre Sao Ict/ei /n Me^er. 
Ajbot^e A/oz-ih Bscfc/) 


Fig. 3 — Field strength vs. altitude at North Beach, 9.6 kilometers from 
Empire State 44-megacycle transmitter. Radiation 2 kilowatts. 



Fig. 4 — ^Pield strength vs. altitude at Farmingdale, 47 kilometers from 
Empire State 44-megacycle transmitter. Radiation 2 kilowatts. 

ference patterns become more frequent nearing the transmitter, 
the variations in field strength were so rapid that it was not 
possible for the observer to record them all. For this reason the 
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curve, Fig. 3, from readings taken at North Beach, was drawn 
in by guesswork. 



AJlitucfe Abore 3ea /epteJ /n /Refers 
A bay's 

rig. 5 — Field strength vs. altitude at Patchogue, 85 kilometers from 
Empire State 44-megacycle transmitter. Radiation 2 kilowatts. 



AN it If ds aboy'^ beo /et^e/ m /deters 
Abo if e A)rporb 

Fig. 6 — Field strength vs. altitude at Suffolk Airport, 114 kilometers from 
Empire State 44-megacycle transmitter. Radiation 2 kilowatts. 
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Fig. 7 — ^Field strength vs, altitude at Montauk Point, 185 kilometers from 
Empire State 44-megacycle transmitter. Radiation 2 kilowatts. 



Distartce tn Kilometers 


Pig. 8 — ^Field strength vs. distance at 300 meters altitude — Empire State 
44-megacycle transmitter. Radiation 2 kilowatts. 
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Fig. 8 represents the results of measurements when flying 
at 300 meters altitude between North Beach and Montauk Point, 



Fig. 9 — Field strength vs. distance at 1200 meters altitude — Empire State 
44-megacycle transmitter. Eadlation 2 kilowatts. 



Altitude Aboi^e ^eaLerei m /deters 
A boys North 3each 

Fig. 10— Field strength vs. altitude at North Beach, 9.6 kilometers from 
Empire State 61-megacycle transmitter. Eadiation 1 kilowatt. 


while Fig. 9 is a similar curve showing the readings taken while 
flying at a 1200-meter altitude over the same route. 
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The curve, Fig. 4, from data taken at Farmingdale shows 
two distinct minimum points at 580 and 1000-1070 meters. The 
maximum points occur at 305, 760-910, and about 1200 meters. 
The two curves represent data taken descending and ascending, 
as shown by the direction of the arrows. 



Fig. 11 — Field strength vs. altitude at Farmingdale, 47 kilometers from 
Empire State 61-megacycle transmitter. Radiation 1 kilowatt. 



arhove Secr/eveJ Jn 
Above 


Fig. 12— Field strength vs. altitude at Patchogue, 85 kilometers from 
Empire State 61-megacycle transmitter. Radiation 1 kilowatt. 

The data for 61 megacycles were more erratic than those on 
44 megacycles, due partly to more uncertainty in the directivity 
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of the receiving antenna, more frequent interference effects, and 
possibly to more irregular reflections from large objects. Figs. 
10 to 15 show the data on 61 megacycles at North Beach, Farm- 
ingdale, Patchogue, Suffolk Airport, Southampton, and Montauk 



AUjfi/c/e ajboye /eye/ /n /Ve/eys 
A&oPe Airport 

Fig. 13 — Field strength vs. altitude at Suffolk Airport, 114 kilometers from 
Empire State 61-megacycle transmitter. Radiation 1 kilowatt. 
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^ig. 14 — Field strength vs. altitude at Southampton, 137 kilometers from 
Empire State 61-megacycle transmitter. Radiation 1 kilowatt, 
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Point. Fig. 10 is merely a symbolic representation of actual con- 
ditions as the interference effects were crowded extremely close 
together. The variation in field strength on 61 megacycles at 
Farmingdale and Patchogue follows a rapid oscillation in addi- 
tion to the slower variation corresponding roughly to the curves 
for 44 megacycles. 



Po/rrV 

Fig. 15 — Field strength vs. altitude at Montauk Point, 185 kilometers from 
Empire State 61-megacycle transmitter. Radiation 1 kilowatt. 

Measurements on the Ground with Low Transmitting Antennas 

Some further short-wave observations were made at Suffolk 
Airport by setting up a small transmitter at one end of the field 
and observing field strength versus distance for both vertical 
and horizontal polarization on 61 and 41.4 megacycles. The re- 
sults of these tests are shown in Figs. 16 to 19. The center of 
the radiating antenna was 2.9 meters above level ground for both 
the horizontal and vertical positions. A vertical wire 2.11 meters 
long with its upper end 4.2 meters above ground was used for 
receiving the vertically polarized radiation, while a horizontal 
dipole 3.81 meters long, 1.6 meters above ground was used for 
receiving the horizontally polarized radiation. It will be seen 
that the horizontal polarization is attenuated more than the 
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Pig. 16 — Field strength vs. distance, vertical polarization. Pig. 17 — Field strength vs. distance, horizontal polariza- 
61 megacycles. Transmitting and receiving antennas tion, 61 megacycles. Transmitting and receiving an- 

2.9 and 3.1 meters above Long Island ground. tennas 2.9 and 1.6 meters above Long Island ground. 
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vertical and also that the higher frequency is attenuated more 
than the lower. It was interesting to note that any plane flying 
over the field would cause quite pronounced variations in receiver 
output due to the reflected radiation from the plane alternately 
reinforcing and weakening the direct ray from the transmitter. 
This phenomenon was most marked with a separation between 
the transmitter and receiver of about 800 meters. Interference 
effects caused by the plane were stronger as the plane came 
nearer the receiver, but were also noticeable with the plane 
beyond the receiver in a direction away from the transmitter. 



Fig. 20 — Field strength vs. altitude at Roosevelt Field, 59.6 kilometers from 
Rocky Point 34-megacycle vertical transmitting antenna 39 meters high. 
Radiation 1 kilowatt. 

Airplane Tests on 34- megacycles 

A number of measurements were made on a Rocky Point 
transmitter radiating one kilowatt on 34 megacycles from a 
vertical antenna 39 meters above ground. A flight was made 
from Riverhead to Newark. Measurements were taken with 
altitude over Suffolk Airport, Farmingdale, Floyd Bennett Field, 
Roosevelt Field, and Newark Airport. A curve of data taken 
over Roosevelt Field is shown in Fig. 20. The curves for the other 
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airports are very similar and are not shown. The complete set 
of data is summarized in Fig. 21, which shows the variation of 
signal strength with both distance and altitude. This curve 
plainly shows the advantage gained by an increase in altitude 
at distances over 20 kilometers. 



Fig. 21 — Field strength variation with distance and altitude over Long Island 
from Rocky Point 34-megacycle verticle transmitting antenna 39 meters 
high. Radiation 1 kilowatt. 

Propagation Over Salt Water 

Several tests were made with both horizontal and vertical 
polarization on frequencies of 59.7 and 34.8 megacycles on 
Peconic Bay. In all of these experiments the height of the center 
of the transmitting antenna was 2.0 meters and that of the 
receiving antenna 2.7 meters. Fig. 22 shows the results at 59.7 
megacycles when both receiving and transmitting antennas were 
horizontal, and Fig. 23 when both antennas were vertical. Fig. 
24 shows a similar curve for 59.7 megacycles for vertical polari- 
zation. 
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Pig. 22 — Field strength vs. distance over salt water, hori- Pig. 23 — Field strength vs. distance over salt water, ver- 
zontal polarization, 59.7 megacycles. Transmitting and tical polarization, 59.7 megacycles. Transmitting and 

receiving antennas 2 and 2.7 meters high. Radiation receiving antennas 2 and 2.7 meters high. Radiation 

1.8 watts. 2.5 watts. 
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The great improvement of vertical as compared with hori- 
zontal polarization will be noted when using low antennas. 

Fig. 25 shov/s a run made with vertical polarization on 34.8 
megacycles on Block Island Sound. This run was taken to about 
33 kilometers beyond the line of sight. 



Fig-. 24 — Field strength vs. distance over salt water, vertical polarization, 
59.7 megacycles. Transmitting and receiving antennas 2 and 2.7 meters 
high. Radiation 10 watts. 

Airplane observations were made on 34 megacycles on a 
1-kilowatt transmitter at Rocky Point, Long Island. The trans- 
mitting antenna was located 39 meters above ground and radi- 
ated vertically polarized waves. Fig. 26 shows the field strength 
variations with distance and altitude. This run was made be- 
tween Rocky Point and Marion, Mass., which includes a path 
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partly over land and partly over salt water. At several airports 
a large number of readings were taken descending and ascend- 



Fig\ 25 — Field strength vs. distance over salt water, vertical polarization, 
34.8 megacycles. Transmitting and receiving antennas 2 and 2.7 meters 
high. Radiation 22 watts. 

ing so that the curves in Fig. 26 give the average results of these 
measurements. A curve from observations taken over Round 
Hill, Mass., Fig. 27, is typical of the others that are not here 
shown. 
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Fig. 26 — Field variation with distance and altitude over water and land. 
Rocky Point 34-megacycle vertical transmitting antenna 39 meters high. 
Radiation 1 kilowatt. 



Pig. 27— -Field strength vs. altitude at Round Hill, Mass. Rocky Point 34- 
megacycle vertical transmitting antenna 39 meters high, 182 kilometers 
distance from Rocky Point. 
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Tests on US5 megacycles 

About a year ago propagation observations were made on a 
Rocky Point 435-megacycle (69-centimeter) transmitter, on the 
ground, in an airplane, and on the Empire State Building in 
New York City. Reception up to 48 kilometers in an automobile, 
to nearly 110 kilometers in an airplane, and on the 300-meter 
level of the Empire State Building was accomplished, the dis- 
tance from Rocky Point to New York being 90 kilometers. The 
300-meter level of the Empire State Building is 200 meters 
below the line of sight from the Rocky Point antenna. This indi- 
cates considerable diffraction. No quantitative measurements 
were made at that time. 

II. Theory and Discussion 

The field from a transmitting antenna at a point in space 
may be considered as due to the combination of a direct and 
reflected ray^ as shown in Fig. 28. The total distance of travel 



r 2 of the reflected ray is greater than the distance of travel ri 
of the direct ray, resulting in a phase difference between these 
two rays. In addition to this phase difference a phase shift in 
general takes place upon reflection. The laws of reflection are 
the same for radio waves as for light. 

Consider first a pure dielectric. When a wave traveling 
through free space strikes a dielectric medium it divides into 
two rays, a refracted ray penetrating into the medium and a 
reflected ray. The angle of incidence of the reflected ray is equal 
to the angle of incidence of the main ray while the sine of the 
angle of incidence of the main ray is equal to the product of the 
square root of the dielectric constant of the dielectric medium 
and the sine of the angle of refraction. 

Henceforth we shall speak in terms of the angle to the 
horizon rather than the angle of incidence. When the wave is 

* P. 0. Pedersen, “The Propagation of Electric Waves Along the Surface 
of the Earth and in the Atmosphere.” 
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horizontally polarized, the phase is always changed by 180 
degrees upon reflection from a pure dielectric. The amplitude 
of the reflected wave is equal to that of the wave before reflec- 
tion at grazing incidence and continually decreases as the angle 
to the horizon is increased. When the wave is polarized in the 
plane of incidence (commonly called vertical polarization) the 
phenomenon is quite different. At grazing incidence the phase 
is shifted by 180 degrees, and the amplitude after reflection is 
equal to that before reflection. However, as the angle to the 
horizon is increased the amplitude of the reflected ray rapidly 
decreases until that angle is reached whose cotangent is equal, 
to the square root of the dielectric constant. At this angle the 
amplitude of the reflected ray is zero. It is at this angle that the 
refracted and reflected rays become perpendicular to each other. 
In connection with light this is ordinarily called the angle of 
polarization. For angles greater than this critical value the 
phase remains unchanged upon reflection, and the amplitude 
of the reflected ray gradually increases again until it reaches a 
maximum at perpendicular incidence. 

When the reflecting medium is partially conducting the phe- 
nomenon becomes more complex but in general is somewhat 
similar. When the approaching wave is polarized in the plane 
of incidence, a phase shift of 180 degrees takes place at grazing 
incidence and the amplitudes before and after reflection are 
equal, but as the angle is increased the phase shift decreases 
and there is no angle at which the reflected ray is of zero ampli- 
tude. However, there is a definite angle at which this amplitude 
becomes a minimum. Further increase of the angle gives a 
stronger reflected ray and a further decrease in the phase shift. 
For a fixed dielectric constant the angle of minimum reflection 
becomes smaller as the conductivity of the medium is increased 
or the frequency of the wave is decreased. For very long wave- 
lengths and a ground which is highly conducting, the angle at 
which minimum reflection takes place may be only an extremely 
small fraction of a degree to the horizon. 

In Fig. 29 is shown a polar diagram of the coeflScient of re- 
flection for salt water for a frequency of 33.3 megacycles when 
the wave is vertically polarized. The conductivity is assumed to 
be 10^“ electrostatic units and the dielectric constant 80. For 
Long Island ground a curve is shown in Fig. 30. The conductance 
of Long Island soil, which is mostly dry sand, is so low (about 
5x10^ electrostatic units) that its effect upon the reflection is 
negligible. Its dielectric constant is about 9. Under the assump- 
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tion as to conductivity, Fi^. 30 holds for any frequency. How- 
ever, Fig. 29 is representative for the frequency assumed. 

For a horizontally polarized wave the coefficient of reflection, 
from a good conductor such as salt water, is nearly 100 per 
cent at all angles, and the phase shift changes gradually from 
180 degrees at grazing incidence to about 178 degrees at per- 
pendicular incidence. Hence a diagram for this condition is not 
worth showing. 

For Long Island soil and horizontal polarization a curve of 
the i-eflection coefficient is given in Fig. 30 together with that 
for a wave polarized in the plane of incidence. 



Fig. 29 — Coefficient of reflection vs. angle to horizon for vertical polarization 
over salt water, 33.3 megacycles, assuming | =: 80, cr = electrostatic 
units. 



Fig. 30 — Coefficient of reflection vs. angle to horizon for vertical and horizon- 
tal polarization for Long Island ground, assuming C = 9, (7 = 0. 
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The coefficient of reflection, Ky is in general a complex quan- 
tity which may be expressed as : 

K = Ae^''^ 


in which A is the ratio of the amplitude of the reflected to the 
incident wave and ip is the phase shift between them. For 
polarization in the plane of incidence 


/ 2(t\ / 2cr 

( € - i j sin 0 - y € - j— - 1 + sin’- 

Kv = - ^ ■■ ( 1 ) 

/ 2cr\ / 2a 

\ ^ ~j) ^ y ^ y ^ ^ 


For horizontal polarization 


where, 


Kh = 


sin0 — 


sin0 + 



1 + sin^ 0 


1 + sin^ (j) 


e is the dielectric constant 
a is the conductivity in electrostatic units 
(j) is the angle to the horizon 
/ is the frequency. 


( 2 ) 



Fig-. 31 — Theoretical field strength vs. angle to horizon from horizontal Hertz 
doublet located one-half wavelength above salt water. / = 33.3 mega- 
cycles; power, 1 kilowatt; distance, 48 kilometers. 


It may be of interest to show the theoretical resultant field 
strength with altitude for a given amount of power and at a 
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Pig. 32 — Theoretical field strength vs. angle to horizon from vertical Hertz 
doublet located one-half wavelength above salt water. / = 33.3 mega- 
cycles; power, 1 kilowatt; distance, 48 kilometers. 
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doublet located one-half wavelength over Long Island ground. / — 33.3 
megacycles; power, 1 kilowatt; distance, 48 kilometers. 
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. 34 — Theoretical field strength vs. angle to horizon from vertical Hertz 
doublet located one-half wavelength over Long Island ground. / rz: 33.3 
megacycles ; power, 1 kilowatt ; distance, 48 kilometers. 
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fixed distance. For this purpose we shall take a distance of 48 
kilometers, a wavelength of 9 meters and assume one kilowatt 
in a Hertz doublet located one-half wavelength above the ground 
or water, as the case may be. Fig. 31 shows the resulting field 
sti’ength in microvolts per meter when the dipole is horizontal 



Fig. 35 — Theoretical field strength vs. wavelength over salt water at a dis- 
tance of 1 kilometer from a dipole 8 meters high radiating 1 watt for 
vertical and horizontal polarization. Receiving antenna height r=z 0. 

and located above salt water. Fig. 32 is a similar curve for 
the same dipole located vertically above salt water. Figs. 33 
and 34 are similar curves for a dipole located near Long Island 
ground. 

Since the coefficient of reflection is dependent upon the fre- 
quency it is desirable to show’^ its effect over salt water upon the 
received field strength at low angles. Fig. 35 shows the field 
strength at the surface (height == 0) vs. wavelength at a dis- 
tance of one kilometer from a dipole at a height of eight meters 
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radiating one watt. It was previously stated that a high con- 
ductivity ground or a low frequency brings the reflected ray 
more nearly in phase with the direct ray at small angles with 
vertical polarization. This explains the rise of the curve with 
lower frequencies. With horizontal polarization there is no ap- 
preciable change in phase of the reflected ray with frequency, 
but the reflection becomes more efficient with decrease in fre- 
quency resulting in a lower field strength. The great difference 
between horizontal and vertical polarization over salt water at 
low angles may be seen from these curves. 

At distances sufficiently great, neglecting curvature of the 
earth, certain approximations can be made. These result in the 
following formulas for field strength above poorly conducting 
ground, where “h” is the height of the transmitting antenna and 
'‘a'' the height of the receiving antenna, the direct field, e the 
dielectric constant, and r the distance. 

For vertical polarization : 

(3) 

_ _ 1 / 4e^ /4x/ia\- 

Ev = Fd X ” Jy ~(h + a)- + f — J 

or, for a half-wave dipole from which the radiated power is W watts. 


Ev — 


iVw 




f^rrrha 

(h + a)- + 


volts per meter for r, hy and a in meters, only if 

h + a Arirha 

<0.05 and < 0.05. 

r \r 


For horizontal polarization; 


or, 


r f € — 1 

IVW /W+W 

Eh = A/ 

V — 1 



(4^ 


(5) 

( 6 ) 


for a half-wave dipole under the same limiting conditions. 

It will be noted that the factor by which the direct field must 
be multiplied to give the resultant total field varies as the inverse 
power of the distance. As the direct field is proportional to the 
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inverse power of the distance, the resultant field therefore varies 
as the inverse square of the- distance. 

For the actual case of a curved earth the same formulas may 
be used in a modified form. In the Appendix the modifications 
are derived, and it may be seen that the two heights a and h 
are replaced by new ones, a' and h', which depend only upon the 
distance r, a, and h. 

The reflection laws discussed take no account of the diffrac- 
tion effect. This makes the formulas of doubtful value for very 
small angles to the horizon and of no use for zero and negative 
angles. We should expect an appreciable signal at zero and 
negative angles from optical diffraction theory, but of a low 
order of intensity as compared to large positive ones. 

It has been stated that for small positive angles the signal 
intensity drops off as the inverse square of the distance, and 
diffraction theory indicates a similar law below the line of sight. 
This should give a fairly uniform dropping off from positive to 
negative angles according to an inverse square law. 

For this reason we might expect (3), (4), (5), and (6), 
without correction for earth curvature, to give a rough approxi- 
mation of signal intensities at any distance. 

The effects of reflection from poorly conducting ground are 
well brought out by the curves of Figs. 16, 17, 18, and 19. A 
dashed curve has been plotted corresponding to the inverse 
square law. It will be noted that the curves for 41.4 megacycles 
with either polarizations almost coincide with the theoretical 
curves. At 61 megacycles the solid curves representing the ex- 
perimental data both lie above the theoretical curves, showing 
that the received signal strength was greater than that antici- 
pated from the theory. Since the phase of a wave is reversed 
upon reflection from a poorly conducting ground, the direct 
and indirect rays tend to cancel for grazing angles of incidence. 
Obviously, attenuation of the reflected wave makes cancellation 
less perfect and increases the signal strength. A layer of vegeta- 
tion constitutes a poor dielectric, the attenuation due to which, 
increases with frequency. In these tests the amount of brush 
along the surface of the ground was small, but it would appear 
that its effect was appreciable on the 61-megaeycle frequency 
and little, if any, upon the 41.4-megacycle frequency. It might 
be of interest to use the ratio of field strength for horizontal and 
vertical polarization to determine the effective dielectric con- 
stant of the ground. For 41.4 megacycles the ratio is 13.5, and 
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for 61 megacycles, 13. From the theoretical considerations previ- 
ously given it is apparent that this ratio should be equal to the 
dielectric constant for grazing angles of incidence. Some uncer- 
tainty exists in the eifective heights of the horizantal and ver- 
tical receiving antennas used, so that the above conclusion is not 
reliable. The value 9 used in the theoretical curves was obtained 
from measurements of propagation along a wire pair buried in 
the soil under dry weather conditions. 

In a paper by L. F. Jones entitled “Propagation of Wave- 
lengths Between Three and Eight Meters,” curves are shown 
giving the relationship between field strength and distance for 
the two transmitters in the Empire State Building on 44 and 61 
megacycles. These curves show the result of a very large num- 
ber of field strength measurements taken over a wide territory. 
These two curves have been replotted (Figs. 36 and 37) together 
with the theoretical ones, taking into account and neglecting 
the earth’s curvature. In Fig. 36 for the 44-megacycle frequency 



Fig. 36 — Comparison of measured with theoretical field strength from the 
Empire State 44-megacycle transmitter. Radiation 2 kilowatts. 

the theoretical curve neglecting the earth’s curvature agrees 
quite well with the experimental measurements whereas the 




94 


Trevor & Carter: Propagation of Waves 


curve taking into account the earth’s curvature gives field 
strengths very much too low for large distances. This fact shows 
that neglecting the curvature of the earth approximately cor- 
rects for the effects of diffraction. In Fig. 37 the experimental 
curve lies between the two theoretical ones at the larger dis- 
tances, indicating a smaller amount of diffraction with the 
higher frequency which is to be expected. 

In many of the observations of the Empire State transmit- 
ters by airplane the height of the receiving and transmitting 
antennas was large enough to invalidate the approximate method 
of determining the field strength. When a transmitting antenna 
is located many wavelengths above ground it is obvious that a 
large number of maximum and minimum field intensity areas 
will be set up due to the combination of the direct and reflected 
rays. Referring to Fig. 28 it may be seen that when the phase 
angle of the reflected ray, with reference to the direct ray, is 
zero, addition takes place producing a strengthened field, and 



Pig. 37 — Comparison of measured with theoretical field strength from the 
Empire State 61-megacycle transmitter. Radiation 1 kilowatt. 

when the angle is 180 degrees, subtraction occurs, giving a 
weakened field. This phase angle is determined by the sum of the 
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Pig. 38 — Theoretical curves showing location of maximum and minimum field 
strengths produced by the Empire State 44-megacycle transmitter. 



P)sicy/7Cfi fro/r? A/7t€/7r?a //? /Tj/a/jy^/ers 

Fig. 39 — Theoretical curves showing location of maximum and minimum field 
strengths produced by the Empire State 61-megacycle transmitter. 
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phase angles due to the phase shift at reflection and that pro- 
duced by the difference in length of path between the direct 
and reflected rays. Since for Long Island ground the phase shift 
at reflection is practically 180 degrees, for reflection angles up 
to 19.5 degrees, the difference in length of path of the two rays 
is the determining factor for the interference patterns. Figs. 38 
and 39 show families of curves taking into account the effect of 
the earth’s curvature showing the location of these maximum 
and minimum field strength areas for 44 and 61 megacycles, 
and a transmitting antenna located 373 meters above ground. 
This is to correspond with the average conditions of reception 
on Long Island from the Empire State antenna. Although the 
actual height of this antenna above sea level is 396 meters, the 
average height above Long Island territory is about 23 meters 
less, as can be seen by inspection of the profile map. A small 
difference in the height above sea level at which reflection takes 
place has a large effect upon the altitude at which the maximum 
or mini mum field strength will be received. It is of interest to 
compare the theoretical data with the experimental, which have 
already been shown. (Figs. 4, 5, 11, 12, and 13.) The tables 
below show a comparison of the theoretical heights for maximum 
and minimum field strength with the experimental at several 
distances from the transmitter. 

TABLE I 


hU Megacycles 

46.6 Kilometers from. N. Y. (Farmingdale) 


Field Strength 

Observed Altitude 
(meters) 

Theoretical Altitude 
(meters) 

Maximum 

270-800 

300 

Minimum 

550-580 

580 

Maximum 

760-880 

780 

Minimum 

990-1070 

990 

85.3 Kilometers from N. Y. (Patchogue) 

Maximum 

670-790 

760 

Minimum 

1000-1200 

1190 


61 Megacycles 


46.6 Kilometers from N. Y. (FarmingdaJe) 

Maximum 

270 

240 

Minimum 

460 

400 

Maximum 

880 (?) 

560 

85.3 Kilometers from N. Y. (Patchogue) 

Maximum 

500-670 

610 

Minimum 

940-1000 

970 

Maximum 

1220 (?) 

1300 

1X4 Kilometers from N. Y. (Suffolk Airport) 

Maximum 

970-1180 

990 

Minimum 

1300(?) 

1500 
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It will be noted that for transmission at 44 megacycles the 
theoretical and actual minima and maxima are in very good 
agreement. At 61 megacycles there is such a rapid succession 
of minor interference effects taking place that a comparison 
between theoretical and actual results is difficult to make. Al- 
though the positions of maxima and minima check very well 
with theory it will be noted that the ratio of maximum to mini- 
mum amplitudes is very much less than that which would be 
predicted by theory. In fact, this ratio corresponds to a coeffi- 
cient of reflection which, on the average, is not over 60 per cent. 
Theory would give values ranging from 85 to 92 per cent for 
the distances considered. The actual conditions are no doubt 
considerably more complex than those assumed in the theory. 
The wave which is reflected from ground must first be propa- 
gated though what we might term a transition medium consist- 
ing of trees, brush, buildings, telephone and power wires, etc. 
This would cause considerable attenuation of the indirect ray 
both before and after reflection, thus giving a much more imper- 
fect field cancellation than under the conditions of a perfectly 
smooth surface having no transition layer above it. 

In Fig. 9 the theoretical curve showing the variation in field 
strength at a constant elevation of 1200 meters has been plotted 
along with the experimental data from the Empire State obser- 
vations. The close agreement between the positions of the actual 
and theoretical maximum and minimum field strength areas is 
quite striking. 

The curves in Figs. 22 and 23 show the theoretical and ob- 
served field strengths over salt water for a radiated power of 
1.8 and 2.5 watts on 59.7 megacycles. The constants of salt 
water were assumed as « = 80 and o- =r 10^“ electrostatic units. 
It will be noted that the theoretical curves fall considerably 
below the experimental at the greater distances. Some doubt 
exists as to the reliability of the absolute values of measured 
field strength but it is felt that the relative values are good for 
any one curve. 

The ratio between the intensity for vertical and horizontal 
polarization at a distance of 3000 meters, assuming the curve for 
horizontal polarization extended, is 300, correcting for difference 
in power. This should be approximately equal to 2o-// or 334 
wheh <r is taken as 10^“ electrostatic units. This value of 10^“ 
electrostatic units is the average of the data given by a number 
of investigators. However, a recent measurement of resistivity 
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gave a value of 22 ohms per centimeter cube, which is equivalent 
to a conductivity of 4x10^® electrostatic units. 

Since the ratio of field intensity for vertical polarization to 
that for horizontal over salt water is 334 at 59.7 megacycles, a 
horizontal transmitting dipole, tilted by an angle of 1/334 radian, 
or 0.17 degree, would give equal vertical and horizontal com- 
ponents at the receiving antenna. This probably accounts for 
the possibility of receiving a signal from a horizontal antenna 
on a vertical one as a slight tilt would be unnoticed. A slight 
unbalance in the feeding currents to the transmitting antenna 
would result in a vertical component in the radiated wave. 

Fig. 24, showing another vertical polarization test on 59.7 
megacycles, gives information over a greater distance than Fig. 
23. Here the theoretical curve falls very much below the experi- 
mental one due probably to a faulty receiver calibration of abso- 
lute field strength values. There has been no opportunity to find 
the discrepancy between the absolute values of Figs. 23 and 24. 
Fig. 25 giving the results of the 33.4-megacycle run using ver- 
tical polarization, shows less attenuation than the higher fre- 
quency run. Fig. 24, which is to be expected. 

In addition to the effects of diffraction upon the signal at 
distances where the receiver is below the horizon, it is well to 
consider the effects of refraction. In general, the dielectric con- 
stant of the air changes with altitude to such an extent that a 
ray of light is bent downward with a radius of curvature of 
about 5.7 times the earth’s radius.^ This gives a condition equiva- 
lent to that of an earth with a 21 per cent larger radius. This 
condition is subject to considerable variation due to temperature 
changes in the air. At night the temperature changes in the 
atmosphere are different from those existing during the daytime, 
which might account for increased refraction and a consequent 
increase of signal at night. 

Propagation over land generally takes place partly through a 
transition layer of vegetation. Trees give the effect of a gradual 
increase in the dielectric constant from that of air at a height of 
around 50 feet at the tree tops to some higher value near the 
ground, where the vegetation is more dense. The conductivity 
undergoes a similar change from zero at the tree tops to a 
finite value near the ground. Under such conditions, a wave 
propagated through this medium must follow a curved path. 
If the effective dielectric constant changes from 1 to 1.002 in a 

3 Humphreys, “Physics of the Air,” p. 450. 
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distance of 50 feet, the radius of curvature of a ray will be ap- 
proximately equal to the radius of the earth. Considerable 
attenuation must also take place through this medium, the lower 
rays being attenuated the most. 

The resultant field intensity below the horizon is due to the 
combination of all the diffraction and refraction effects. It is 
obvious that the effects mentioned are capable of producing con- 
siderable bending of the rays beyond the horizon so that the 
signal intensity shows no sudden change with altitude as the 
horizon is passed. 

Conclusion 

It seems reasonable to assume that the field strength values 
of waves below 10 meters can be calculated with reasonable 
accuracy since there is no sky wave phenomenon to consider. 
The foregoing experimental results indicate that we may ap- 
proximately predict the field strength under various conditions. 
It should be mentioned that it is quite difficult to obtain an 
accurate calibration of the receiver in terms of absolute field 
strength at these high frequencies. This is especially true when 
the receiver and its antenna are installed in an airplane or a 
boat. 

The superiority of vertical as compared with horizontal 
polarization over salt water with low antennas has been pointed 
out. However, this should not be misconstrued to indicate that 
such a relation necessarily holds true for high antennas. Pre- 
vious tests in the Hawaiian Islands^ have indicated no appre- 
ciable difference between vertical and horizontal polarization 
tests when using high antennas located several thousand feet 
above sea level. 

A considerable amount of study of high-frequency propaga- 
tion still remains to be done. It is felt that further knowledge 
will enable us to predict results with considerable accuracy under 
various conditions encountered in practice. 
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Appendix 


1. Theory of Reflection 

Although the theory of reflection of electromagnetic waves is 
well known^ a brief development will be given here for the sake 
of completeness before deriving the formulas made use of in 
connection with the particular conditions of propagation treated. 

As general laws, we have Maxwell’s equations : 

M dH 

= curlE (1) 


( 


c dt 
d\E 

4x0- + € — ) — == curl H 
dtj c 


( 2 ) 


where E and H are the electric and magnetic forces in electrostatic and 
electromagnetic units, respectively, jjl the permeability, e the dielectric 
constant, <x the conductivity in electrostatic units, and c the velocity 
of light. 

When E and H are sinusoidal and represented by the real part of 
or d/dt=jo} and the two fundamental equations become: 

CjOJJL 

- y— H = curl E (3) 

c 

/4:T<r + iw€\ 

^^jE = curlH. (4) 

It is convenient to take care of a partially conducting medium by 
thinking of a complex dielectric constant = e—j{2(T/f) in which case 
the relations for conducting and nonconducting mediums become the 
same. In this discussion we shall assume fx = 1 under all conditions. The 
relations (3) and (4) then become; 


CO 

- i— H == curl E 


c 


(5) 


CO 

€oE = curl H. (6) 

c 

^Drude, ^‘Theory of Optics”; Jeans, “Mathematical Theory of Electric- 
ity.” 
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These relations result in the wave equations: 

V^E = - — €oE and V=H = -€oH. (7) 

C- 

For a plane wave the solution is 

E = (8) 

where Y =^CI\/e^ — the velocity and d is the distance of travel from the 
position of reference for the time t. A similar equation holds for E. 

In Fig. 40 let the ZY plane be the boundary between free space 
designated as (1) and a medium (2) having a generalized dielectric 
constant eo. Assume that the electric field E of the incident wsi,Ye lies 
in the XY plane or plane of incidence and that the ray makes an angle 
of incidence di to the X-axis. This ray must divide into a refracted and 
reflected ray at angles 62 and 6 z to the X-axis. 

We may now write (8) in terms of the components, putting d in 
terms of X and 7 and the direction cosines. Then: 


Eyl = 

Similar relations are also true of the reflected and refracted waves. 
The following conditions must be satisfied at the boundary: 

1. The tangential components of electric and magnetic force must 
be continuous. 


( 9 ) 

( 10 ) 

( 11 ) 



Fig. 40 




2. The normal components of electric displacement and magnetic 
induction must be continuous. 
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Therefore, 

E xl + E xZ — ^qE x2 
Eyl EyZ = Ey2 

+ m. 

These relations can be satisfied only if 

sin sin 62 sin dz 
7i ’ ^ Fo Vz 

Hence sin ^i = sin dz but 6 z cannot be identical with dij s( 
^3 = 180 degrees -“^1 

and, 

cos dz=— cos di. 

Also from the fundamental relations (5) and (6) we have 

63 

jooeoEx — cnrlxH ~ — j—H sin 6 
0 ) 

jcoeoEy = curlj/H = j—H cos 6 

63 63 6 ; 

— j — H = cmhE = — j —Ey cos d + j—E^ sin d 
c V V 

for all three rays. 

Hence, 

E. ~Ey H:, 

= — for all three rays. 

sin 6 cos d veo 


Combining these relations we get 


Hi cos 01 + Hi cos 03 


Hi + H3= Hi 


Hi cos 02 


^ cos 02 

V €0 cos 01 v €0 cos 01 — cos 02 

^ ^ cos 02 V €0 cos 01 + cos 02 


\/ Co cos 01 


sin 02 = 


( 12 ) 

(13) 

(14) 

( 15 ) 

(16) 

(17) 

(18) 

(19) 

( 20 ) 

( 21 ) 

( 22 ) 

(14) 

(23) 

(24) 
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Hence, 


and, 


where, 


/ sin- di /eo — sin- d 

cos Oo = /4 / 1 = /U 

^ €o y €q 


Hz eo cos di — x'^'eo — sin- 6i 
Hi 6o cos di -f v^'eo sin- 6i 

2a 

eo = e - j'-j 


(25) 


(26) 


In terms of the angle 4> to the boundary plane, since 0 = 90 degrees 
~ 6 j we obtain 


€o sin<^ — V^o — 1 + 

Kv == — . 

€o sin 0 + v €o — 1 + sin^ (j> 

For horizontal polarization a similar procedure gives : 


(27) 


sin <j> — V^o — 1 + sin^ (j> 
sin (i> + Veo — 1 + sin^ cf> 


(28) 


2. Approximation f or Field at a Receiver 

Let “A” be the height of the tranSrpitting antenna, “a” of the re- 
ceiving antenna, r the intervening distance, and 0 the angle to the 
ground of the reflected ray, ri the length of the path of the direct ray, 
and r 2 that of the reflected ray. (See Fig. 28.) The difference A in length 
of the two paths is then 

A = 7'2 — (29) 

but, 

r.2 == + ^)2 and == F- + (h - ay, (30) 


When r is large compared to a-1-5 


r2 


Ti 


1 (A + ay 

^ + 

2 r 

1 (A — ay 

r + 


(31) 

(32) 


2ah , ^ , 

and A == 7:2 — n = and the phase angle 0 

r 


27r 

—A = 
X 


Ait ah 


• ( 33 ) 


Xr 
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AIsO; when r is large compared to a and h we may write 


sm(j> = (j> — 


For horizontal polarization we then obtain 


Kh - 


sin 0 — V^o — 1 + sin -0 0 — V^o — 1 

sin 9 -f \/eo — 1 + sin-<p cf) + \/€o — 1 

/ 2 (/i + a) ^ 

~ V 7 


€o sin- <p V^o — 1 + sin 2 <^ 

iTv = : : ^ " 

6o sin(/) + V^o — 1 + sm~<p 

(36) 

/ 2€o(/i + a)\ /i + a 1 

« — ( 1 J when « - 7 =r . 

\ rv€o 1/ V^o 

For the field at the receiver we then have for horizontal polarization 


Eh « Ed(l + Khb^"^) « Ed 


['-( 


h CL \ 

1 - 2— ====== 

r\/eo — 1 / . 


h + a 4.7r hal 4:7rha 

2 — — : =:z z : — J w^hen < 0.05. 

L r V eo — 1 X r J Xr 


For vertical polarization 

r 2 €o(/i + a) Itt /lal A,+ a 1 

Fr « Ede^‘'i'm--~= when « - 7 = (38) 

LrVeo— 1 X rj r Vc-o 


A. + a 


4:7raA 

and when < 0.05. 

Xr 

For Long Island ground or other conditions where the conductivity 
may be neglected co == e and we have for the effective value of the field 




47rAa 

when < 0.05 (39) 

Xr 


■ + < 


a)2 /4:7rhaY 47rAa 

h ( J when < 0.05. (40) 

\ X / Xr 
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The direct field from a half-wave dipole is 7 WW Jr) volts per 
meter for a distance r in meters and a radiated power W in watts. For 
a dipole considerably shorter than a half wavelength the direct field 
is 6.7 WW/r) volts per meter. For long Island ground where € = 9 
we then get for the field from a half-wave dipole: 



Vw 



(41) 

Ev — 

44.5 

r 

volts per meter 



Vw 

2'i^ha 1 

fh q\~ 

(42) 

Eh — 

4.95 

r 

volts per meter if <3C 

r 

. 2 )• 


For salt water if € = 80 and cr= 10^° electrostatic units 

60 =(^80 -i— (43) 

It is roughly correct to assume 6o— 1 »eo. 

Then, 

-7=^ « Vi7. (44) 

VCo “ 1 


T R 



Fig. 41 
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3. Effect of Earth's Curvature 

The preceding formulas for field strength may be used for the 
curved surface of the earth by using corrected heights h' and a' where 
¥ = k — p and a' = a — q where 



(45) 


(46) 


in which R is the radius of the earth. Referring to Fig. 41 it is apparent 
that we may write the following approximate relations 


Then, 


and, 


a h 


a = 6,13 = 

d 

a+h 

Cl T* A 

R 


V ~ / 

- R = R X — 

\/l — sin^ a 

2 

R 

02 

q = —7 

1 

11 

X 

r 

\/l — sin- p 

2 


llfJLX 

2R \ u T* /i/ 

Y, 

2jK \(i -j- Jij 


(47) 

(48) 

(49) 


(50) 


a — 


(51) 



A STUDY OF TELEVISION IMAGE 
CHARACTERISTICS 

By 

E. W. Engsteom 

(RCA Victor Company, Inc., Camden, New Jersey) 

Summary — An investigation voas carried out to obtain quantitative in- 
formation on the several characteristics of television images, 'particidarly 
those relating to image detail. The tests were conducted largely through the 
use of equivalents so as to provide sufficient range of measurement. Such 
data are of value in establishing operating standards, determining satisfac- 
tory performance, and in guiding development work. It was found possible to 
define satisfactory television image characteristics for those items studied. 
The results are given in such form as to he readily applicable to ^^'^actical 
conditions. 


^ ‘ Introduction 

|ECAUSE of the lack of quantitative measures of perform- 
ance, expression of the degree of satisfaction provided by 
a television image has been bounded on one hand by the 
optimism or conservatism of the observer, and on the other hand 
by the practical limitations which prevent for the moment an in- 
crease of picture detail, picture steadiness, picture illumination, 
picture contrast, and frame repetition frequency. It is the pur- 
pose of this paper to describe investigations made regarding 
some of these picture properties. 

Picture detail is determined by the quantity of information 
that the entire system can handle in a given time. Also, the 
communication band is proportional to the frame repetition 
frequency. (Frame repetition frequency determines steadiness 
of action and picture flicker.) Optical, sensitivity, and trans- 
formation problems are present in the pick-up gear and become 
apparent as attempts are made to go beyond present practical 
limits. Somewhat similar problems are present in the reproduc- 
ing elements. These limits are contingent upon the particular 
state of the art, and, therefore, are constantly receding and 
yielding to development. 

Since the frequency band required is proportional to the 
quantity of information to be transmitted, the limitations of the 
electrical channels must be considered. These problems include 

Reprinted from Proce^diii^s of the Institute of Radio Engineers. 
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the ability to handle wide frequency bands and to provide space 
in the radio spectrum for television channels. This may be illus- 
trated by the following table for certain conditions which are 
stated. 

Aspect Ratio 1.33 (4X3). 

Frame Repetition Frequency 24 per second. 

Picture Frequency 

It is assumed that the picture resolution along the scanning line is 
approximately the same as the width of the scanning line (square pic- 
ture elements) and that each picture element (of maximum resolution) 
requires one-half cycle for transmission in elemental form. The maxi- 
mum picture frequency, therefore, determines the steepness of wave 
front of change in contrast along the scanning line. 

It is also assumed that pictures will be transmitted for ninety per 
cent of the total time, the remaining ten per cent being necessary for con- 
trol functions. 


Scanning 

Lines 

Picture 

Elements 

Maximum 

Picture 

Frequency 

Maximum 

Picture 

Communication 

Band 

60 

4,798 

63,970 

127,900 

120 

19,200. 

256,000 

512,000 

180 

43,190 

576,000 

1,152,000 

> 240 

76,780 

1,024,000 

2,048,000 

860 

172,800 

2,302,000 

4,604,000 

480 

307,100 

4,094,000 

8,188,000 


The limitations present in the electrical circuit are also deter- 
mined by the state of the art at any particular time, and, there- 
fore, are subject to advances as a result of development. It is 
probable that the ultimate limit may be the space available for 
television channels in the radio spectrum. 


I General Consideration of Image Characteristics 

Determination of satisfactory picture quality in television 
images is difficult because of the inadequacy of present television 
apparatus for such a study and because the reactions involved 
are largely psychological and physiological. During the growth 
of television detail, as the development work has progressed, im- 
provement of picture quality has been noted, for example, 
through stages of a, 2a, 3a, and 4a scanning lines, where 4a rep- 
resents the present practical limits. We are not in a position to 
work with and study 5a, 6a, etc., scanning lines in such a deter- 
mination. Therefore, in studies of picture detail, picture size, 
and viewing distance, many subterfuges have been used. 

Because of the wealth of detail, extreme ranges of brightness, 
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and contrast in nature, the eye tends to demand image resolution 
up to the acuity and perception limits of the eye. We have, how- 
ever, become accustomed to certain compromises in these image 
characteristics through long association with paintings, photo- 
graphs, projected transparencies, and other forms of reproduc- 
tion, because of the limitations of these agencies of reproduction. 

The perception of form or acuity of the eye is usually defined 
as the minimum angular separation which permits resolution of 
two point objects. For the average normal eye this approximates 
one minute of arc for that portion of the field which falls on 
the fovea of the retina. Other measures include minim u m dimen- 
sions for seeing a point, line, or separation between two lines 
or groups of lines, change of contour, etc. Some of these become 
rather indefinite if the object is self-luminous. Other eye char- 



120 
Fig. 1 


acteristics of interest in such a study include perception of 
movement, perception of contrast, color vision, color sensitivity, 
perception of light, and elfects of flicker. 

Elementary studies of some properties of vision may be 
made through the use of the chart indicated by Fig. 1. This 
chart includes a group of patterns which may be obtained from 
the scanning system used in television. The numbers under 
each group indicate the total number of scanning lines for the 
height of the chart. This chart assumes equal horizontal and 
vertical resolution for the groups of five figures to the left of 
the chart. It also assumes that the scanning lines will coincide 
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with the detail structure (of same width as scanning line) of 
the chart scanned, so as to provide the greatest possible detail 
in the chart reproduced for a given number of scanning lines. 
The fine grating to the right of the chart indicates the scanning 
line paths. No particular attempt was made to avoid optical illu- 
sions, but it is believed that the figures are sufficiently free to 
avoid mistakes in judgment. 

Relationship of picture size, picture detail, and viewing dis- 
tance, is of interest in studying television images. This relation- 
ship may be approached from theoretical considerations of pro- 
viding sufficient detail to satisfy the acuity of the eye. We may 
start with the definition of acuity for the average normal eye 
(one minute of arc for that portion of the field which falls on 
the fovea of the retina) . This is justified even though the image 
may be so large as not to be included within the relatively small 
field of most acute vision, since the eye naturally tends to explore 
the entire image, and the image is, therefore, subjected in all 
its parts to the finest resolution of the eye. 
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Since the resolving properties of the eye are so definitely tied 
up with the type of detail to be analyzed, we shall choose for 
this theoretical consideration a very specific definition of acuity. 
For this example we shall use two black lines separated by a 
white space equivalent to the width of one of the lines, such as 
the pairs of lines in the groups to the left of the chart. If such 
lines, for a particular viewing point, are separated so that the 
distance between them subtends an angle to the eye of one 
minute, then the average eye will be able to see them as two 
lines. At greater viewing distances the two lines will blur into 
one. In order to keep our discussion in terms of scanning lines. 
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the curve to follow will be plotted in terms of scanning lines 
against viewing distances. For the two horizontal lines it is 
necessary to have one scanning line for each line and one scan- 
ning line for the space between lines. Since, by definition, the 
space between lines must subtend an angle of one minute, then 
the width of each scanning line or, in other words, the distance 
between centers of scanning lines, also subtends an angle of one 
minute. Fig. 2 includes a calculated curve indicating for various 
viewing distances the number of scanning lines per inch re- 
quired for a one minute of arc separation between centers of 
scanning lines. For later reference, curves are also shown for 
one-half-minute and two-minute arc distances between centers 
of scanning lines. 

In using these curves it is necessary to understand the span 
or variation of eye acuity for different people. For the type of 
detail we are considering, this span is probably from approxi- 
mately one-half minute to approximately one and one-half min- 
utes — one minute being used as the average. This is pointed out 
specifically because of this wide variation and the difficulty of 
dealing with a definite average value. 

By inspection of this curve (the one-minute curve) we are 
able to determine (within the scope of our definition) the amount 
of detail in terms of scanning lines for still images at various 
viewing distances for the “average eye.” If, for viewing distance 
X, the curve indicates that Y scanning lines should be provided, 
then the eye will be satisfied at this viewing distance for a detail 
of F scanning lines. For closer viewing distances and Y scan- 
ning lines, the eye will not be satisfied since the picture struc- 
ture will be pronounced, resulting in “lack of detail.” For 
greater viewing distances and Y scanning lines, the eye will be 
satisfied from the standpoint of detail, but more detail is avail- 
able than required by eye acuity. 

In order to make some practical tests, a number of observa- 
tions were made using charts of the type shown in Fig. 1. Three 
charts were used — one two and one-half inches high, the second 
five inches high, and the third twenty inches high so as to pro- 
vide an effective range of scanning lines of from 60 to 480. Tests 
were made by three people having good vision and having no 
known eye defects. The tests were conducted by placing the 
charts on a wall at eye level in a room having uniform daylight 
illumination (mainly sky light since the sun did not strike the 
windows) . The illumination at the chart was between 20 and 



Eng Strom: Television Image Characteristics 


40 foot candles. The contrast on the charts was the maximum 
possible in a normal photographic print. 

The pairs of lines to the left of the chart were used to obtain 
data for the first curve. For each degree of “scanning line de- 
tail” a viewing distance was chosen at which the two lines could 
just be resolved ; at greater distances the two lines blurred into 
one. At this same viewing distance the group of horizontal and 
the group of vertical lines (the second and third groups of 
figures from the left) could just be resolved into lines ; at greater 
distances they blurred into a uniform gray. The curve plotted 
in Fig. 3 is the average for the three observers. A curve was 
plotted for resolving the two squares, a part of the fourth group 
from the left (the two squares at the left, just above the checker- 
board pattern). A curve was plotted for resolving the checker- 
board pattern, in the lower half of the fourth figure from the 
left. A curve was also plotted for the crossed lines, the fifth 
figure from the left. In this case the viewing distance chosen 
was the point at which the line structure could just be seen; 
at greater viewing distances the line structure was missing, and 
the cross appeared to be made up of two straight lines of con- 
stant width. All of the curves were plotted using the average 
viewing distance for the three observers. An interesting point 
noted from the observations was the consistency of the viewing 
distances chosen. Two of the observers picked viewing distances 
very nearly the same. The third observer picked viewing dis- 
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tances slightly greater (10 to 20 per cent). In the case of the 
third observer, this difference was consistent for all of the tests. 
These curves indicate the range of satisfactory viewing distances 
for the types of detail chosen. In general, the detail types prob- 
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ably do not cover the extremes, but do cover at least the average 
range encountered in scanned television images. Some interest- 
ing deductions may be made by comparing these data with the 
theoretical curves for one-half, one, and two minutes of arc 
separations between center lines of scanning paths. For con- 
venience these curves are shown in Fig. 4, superimposed. The 
data from the observations are indicated by a dark band includ- 
ing the span between the test for the two lines and the test for 
the crossed lines of the previous curves. The one-half-, one-, and 
two-minute arc curves are shown as solid lines. The data pre- 
sented in Fig. 4 indicate that the types of detail on which the 
tests were made require, for any chosen viewing distance, a 
range of from a little over one-half minute to a little less than 
two minutes of are separation between centers of scanning lines. 
It is also indicated that the average acuity of the three observers 
is above that of the “average eye” — ^near the upper limit of 
acuity. From the standpoint of these tests and the tests to fol- 
low, this is a safe condition because, for any viewing distance, 
detail satisfactory to this group of three observers will certainly 
be satisfactory to the average observer. 

In viewing reproductions the observer tends to position him- 
self so that he is satisfied regarding the information and the 
eifect he wishes to obtain. (The position or viewing distance 
for greatest resolution is about eight to ten inches for the aver- 
age person.) Because of habit and experience we have learned 
to temper our acuity demands. The following generalizations 
are of interest, and are given in terms of general experience 
rather than technical knowledge. When viewing a painting we 
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rather unconsciously choose a position where the brush stroke 
detail becomes unnoticeable, and where we obtain the eifect 
the artist wished to convey. We have learned that a newspaper 
illustration contains only a certain amount of detail, and that 
such illustrations will not bear close inspection. We also know 
in general what to expect from motion pictures of the theater and 
home types. We, further, know that good photographs go beyond 
the acuity limits of the eye, and that the field may be optically 
enlarged to improve the resolution. Other examples could be 
given, but the above are sufficient to illustrate the effect of ex- 
perience on the average person. 

The value of the above curves is to indicate the maximum 
useful detail from the standpoint of eye acuity, assuming favor- 
able conditions for all other related factors. For a particular 
viewing distance, the amount of detail required in a reproduc- 
tion (still image) is dependent upon the type of information to 
be conveyed by the picture. Since this varies, it is safe to assume 
that, for limiting conditions, detail corresponding to that indi- 
cated by the curves should be provided. For average conditions 
and for general use it is also safe to assume that sufficient sat- 
isfaction can be provided by considerably less detail than that 
indicated. This is verified by the various types of printed repro- 
ductions. 

Determination of Scanning Lines, Picture Size, and 
Viewing Distance for Television Images 

It is difficult to interpret television image quality in terms of 
the relationships discussed. The first reason for this is that tele- 
vision images are the result of scanning at the pick-up end which 
introduces an aperture effect, and at the reproducing end the 
aperture effect is introduced for the second time. This results in 
a definite and peculiar line and detail structure. Detail along 
each line is dependent upon the ability of the system to repro- 
duce changes in contrast. The second reason is that television 
images are made up of rapidly superimposed, individual pic- 
tures much the same as motion pictures. The third reason is 
that television images usually include motion having certain 
continuity. The effects of motion will be taken up more in detail 
later in the paper. 

Photographs have been made which consist of scanned repro- 
ductions of an ordinary photograph or scene. These, therefore, 
have picture structures which correspond to television images 
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and are useful in studies of the character outlined by this paper. 
Such scanned reproductions are usually limited in the number 
of scanning lines possible by much the same reasons that a tele- 
vision system is limited in the number of scanning lines unless 
elaborate apparatus is specially constructed. Other forms of 
reproductions have been used to simulate television picture struc- 
tures. Such methods of comparison are, naturally, limited to 
inspection of one picture frame and, as such, a still image. 

In television we are concerned with moving images and with 
a succession of movements or scenes which have certain con- 
tinuity. Also, the vision is aided by sound accompanying the 
picture. Because of the wide gap between a still picture of 
certain detail and a television reproduction having the same 
equivalent detail, it is difficult to draw any definite information 
regarding the number of scanning lines desired for a particular 
condition from any of the methods of study which have been dis- 
cussed. These methods are helpful in preliminary studies, but 
faU short when an attempt is made to draw general conclusions. 

Motion in a picture directs the observer’s interest to the 
object or objects in motion. Under these conditions the eye 
requires less detail than for a still picture, assuming that the 
detail is sufficient so that the purpose of the movements may be 
understood. Proper use of this may be made in television in 
the choice of “story action” and choice of background for the 
action. Also, in an image which is the result of scanning at the 
pick-up end, motion of the objects being scanned positions these 
objects for particular frames in favorable relation to be analyzed 
and reproduced when these objects are small and approach in 
at least one dimension the size of the scanning beam. 

For a more complete study of television image, it seems 
necessary to have available the ability to produce image repro- 
ductions which have picture structures equivalent to television, 
controllable illumination, controllable size, flicker frequency 
equivalent to' television, and capacities for subjects which- will 
be used in television. It is also desirable to cover a range of 
picture detail equivalent to television images of 60, 120, 180, 
240, and even larger numbers of scanning lines. These equiva- 
lents should be so made that they represent nearly perfect pic- 
ture structures for the detail included. This seems desirable so 
as to avoid mistakes in judgment. Also, it will permit study 
with images equivalent to the more advanced stages of tele- 
vision which will later be attained as a result of continued devel- 



opment. Such an experimental set-up will allow reasonable de- 
termination of several related picture properties — picture detail, 
picture size, and viewing distance. 

As has been pointed out, it is impracticable to make use of 
television systems for this study. This is because of limitations 
in our ability at present to produce television images with suffi- 
cient detail, illumination, and size for this investigation and to 
have these characteristics variable. We must, therefore, resort to 
suitable equivalents. A motion picture film having a picture 
structure equivalent to a television image provides a very flexible 
means for carrying out this work. Such a method was chosen, 
and the procedure used will be described. There are numerous 
ways in which such a film may be made, but the method used for 
this investigation is flexible and presents only a reasonable 
amount of preparatory work. 

In the system of television that we are considering, the scan- 
ning paths are horizontal and the beam progresses from left 
to right (when facing the object or reproduction) and from 
top to bottom. The scanning beam is usually round or square 
in cross section. Since the scanning beam has width in the 
direction of the scanning path, a certain form of distortion is 
introduced. This is known as aperture distortion, and has been 
adequately treated in the general television literature. This 
much has been indicated about the image characteristics because 
we shall later make comparisons between the structure of a 
television image and the motion picture equivalents we are to 
use. 

The equipment used in making sixteen-millimeter motion 
pictures with detail structure equivalent to television images 
consisted essentially of a thirty-five-millimeter to sixteen-milli- 
meter optical reduction printer. A system of optics was inter- 
posed between the two picture gates for the purpose of breaking 
up the picture image into small areas, each of which was uni- 
formly illuminated, and which transmitted the same total quan- 
tity of light as a corresponding area in the picture image. A 
diagram of the optical system is shown in Fig. 5. The filament 
of an incandescent lamp 1 is focused by means of condenser 
lenses 2 upon a corrected lens 4. Lens 4 in turn forms an image 
of the thirty-five-millimeter picture aperture 3 on the plane sur- 
face of condenser lens 7. The equivalent of thousands of tiny 
spherical lenses 6 are placed directly in front of lens 7. Each 
of the tiny lenses forms an image of aperture 5. The plane con- 
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taining’ the many images of aperture 5 is brought to focus upon 
the sixteen-millimeter aperture 9 by means of a corrected lens 8. 
Condenser lens 7 makes it possible for lens 8 to collect an equal 
quantity of light from each of the images formed by lenses 6. 
The horizontal dimension of the rectangular aperture 5 is such 
that the sides of the images formed by lenses 6 just touch, 
thereby forming continuous bands of light in the horizontal 
direction. The dimension of aperture 5 in the vertical direction 
is narrower, thereby producing narrow dark spaces between the 
horizontal lines formed. This was done to simulate television 
image lines. The image at aperture 9 of a motion picture film 
at aperture 3 is broken up by this optical system into as many 
elementary areas as there are lenses or equivalent lenses in 6, 
each of which contains no detail within itself. By adjusting the 




reduction ratios of lenses 4 and 8, and by having sufficient 
equivalent lenses at 6, it is possible to vary the number of picture 
elements. 

Since it would have been quite difficult actually to obtain the 
thousands of minute spherical lenses, an approximate but more 
practical scheme was resorted to. It is known that two crossed 
cylindrical lenses are very nearly equivalent to a single spherical 
lens. Thus, it would be quite possible to approximate the re- 
quired condition by crossing two layers of fine glass rods, the 
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rods being in actual contact with each other. Fortunately, an 
even simpler solution was found. Kodacolor film is embossed 
with minute cylindrical lenses having focal lengths of about 
6 mils. By crossing two pieces of Kodacolor film with the em- 
bossed surfaces in contact, very satisfactory results were ob- 
tained. The focal lengths of the equivalent spherical lenses 
formed by crossed Kodacolor film were so short that the size 
of aperture 5 would have had to be larger than the diameter of 
lens 4. This condition was corrected by forming a cell made up 
of two pieces of Kodacolor film crossed, and filling the space 
between the embossings with a transparent solution having an 
index of refraction greater than air and less than the index of 
the film base. By varying the index of refraction of this trans- 
parent solution, it is possible to make the lenses have any desired 
focal length from 6 mils to infinity. 

The Kodacolor cell and lenses 4 and 8 were arranged in a 
suitable mounting and mounted on the reduction printer between 
the thirty-five-millimeter aperture and the sixteen-millimeter 
aperture. Arrangements were provided for adjustment of these 
various lenses. The subject matter was taken from a thirty-five- 
millimeter positive print. The first printing operation gave a 
sixteen-millimeter negative having the desired picture structure. 
A sixteen-millimeter positive was then made by printing from 
the negative in a sixteen-millimeter contact printer. The sound 
was transferred in the usual manner. 

Films were made up for a variety of scenes and subjects. 
These, in general, included: 

Head and shoulders of girls modeling hats, 

Close-up, medium, and distant shots of a baseball game. 
Medium and semiclose-up shots of a scene in a zoo. 

Medium and distant shots of a football game. 

Animated cartoons. 

Titles. 

These were assembled for one group with all scenes of the same 
detail (line structure) on the same run of film. For another 
group these were assembled with each scene progressing from 
60- to 240-line structure. The pictures made included : 

60-line structure, 

120-line structure, 

180-line structure, 

240-line structure. 

Normal projection print. 




Enlargement 
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It was planned at the start to produce pictures having detail 
structures greater than 240 lines, but it was found that limita- 
tions, mainly in film resolution, prevented this. The resolution 
of the sixteen-millimeter film used was naturally considerably 
greater than a 360-line structure, but, with the averaging process 
used in producing each small section of the picture, the resolution 
was not sufficient to prevent merging of one section into the 
next. Later determinations made from viewing these films indi- 
cated that the 240-line structure pictures were sufficient for the 
purposes of the investigation since the results were of such a 
nature that the relationship could be extended to higher num- 
bers of scanning lines. 

Samples of three picture frames are given as Figs. 6, 7, and 
8. These are all enlargements from the sixteen-millimeter nega- 
tives and include structures of 60, 120, 180, and 240 lines, and, 
also, a normal photographic enlargement. It is interesting to 
note how near the 240-line structure approaches the normal 
enlargement in picture quality. 

An RCA Photophone sixteen-millimeter sound projector 
equipment was used in projecting these films. The light cutter 
in the projector was modified so as to interrupt the light only 
during the time that the film was being moved from one frame 
to the next by the intermittent movement. This modification con- 
sisted in removing one blade from the light cutter. The light 
was, therefore, cut off once per frame, giving for these tests a 
flicker frequency of 24 per second. The films were shown to 
several groups of people, using projected picture sizes 6, 12, and 
24 inches high. The major reaction from these showings was 
the expression of satisfaction obtained from viewing pictures 12 
inches high and larger in comparison to smaller pictures. 

It will be of interest at this point to record some of the reac- 
tions on how well these films form equivalents of television 
images. These reactions were formed as a result of observa- 
tions and tests made with the films. The horizontal-line structure 
was so clearly equivalent that we may pass by this without com- 
ment. The changes of contrast along the horizontal “scanning” 
lines for the 60-line structures appeared somewhat “mosaic” in 
arrangement. This was because the boundaries of the individual 
picture arrangements were determined by the multiple lens ar- 
rangement used to produce the image. This effect was not 
noticed in 120-line structures or in those of higher detail. The 
120-, 180-, and 240-line structures, and also the 60-line structure. 
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except for the effect explained above, were well suited for study 
of image detail. In general a particular line structure on the 
film was considerably better than a television image (as we are 
at present able to produce them) of the same number of scan- 
ning lines. This is a desirable condition because the results of 
the tests will then be in terms of television of an advanced stage 
rather than in terms of present capabilities. 

In order to obtain some quantitative information, a number 
of practical viewing tests were made. These tests were made by 
the same three observers who made the tests covered earlier in 
this paper. For these observations the same projector equipment 
as described in a paragraph above was used (one light interrup- 
tion per frame) . The projection lamp was operated at rated 
voltage (normal brilliancy) and the projection lens was stopped 
down to give the desired screen illumination. A screen illumina- 
tion of five to six foot candles was chosen. This was measured 
at the screen, looking toward the projection lens, and with the 
projector running, but without film in the picture aperture. This 
value of screen illumination, though less than for theatre or home 
movies, was chosen because it gives a fairly bright picture and 
because it falls within a range to be reasonably expected for 
television. For the pictures of various sizes the foot candles of 
illumination (surface density) was kept the same, varying the 
total luminous flux in proportion. The stray room illumination 
was of the general order of one-tenth foot candle. 

Viewing tests were made with projected pictures of various 
heights, using the film subjects listed earlier. For pictures of 
given height and line structure, observations were made for each 
type of subject matter on the film. These data were averaged, 
and the information used in the curves to be plotted includes 
this in terms of an over-all average for the three observers. In 
taking the observations, viewing distances were chosen at which 
the lines and detail structure became noticeable. At closer view- 
ing distances the picture structure became increasingly objec- 
tionable. At the viewing distances chosen the picture detail was 
just satisfactory. At greater viewing distances the picture de- 
tail was, naturally, sufficient. It was noted that the type of pic- 
ture subject did not influence the viewing distance chosen by 
more than ten per cent. This is explainable on the basis that we 
are determining minimum conditions in terms of line and detail 
structure. Data were taken for pictures 6, 12, and 24 inches 
high, and for picture structures of 60, 120, 180, and 240 lines. 
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and also for a normal projection print. This information is 
given in curve form in Fig. 9. 

In order to present these observed data in more general form, 
the above curves are shown, in Fig. 10, replotted in terms of 
scanning lines per inch. The curve drawn through the observed 
points is the two minutes of arc curve from Fig. 2. This, as 
explained earlier in the paper, is a curve between scanning lines 
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per inch and viewing distance where the dimension between 
centers of scanning lines subtends an angle to the eye of two 
minutes. Because of the correspondence between the plotted 
points and the two minutes of arc curve, we shall use this two 
minutes of arc curve in our discussion as representing the aver- 
age results (for the three observers) for practical viewing condi- 
tions. 100 
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It is of interest to compare these observed results from 
viewing the films of several detail structures, with the observed 
results of viewing the chart. Fig. 1, the curves of which are 
shown in Fig. 4. In the ease of the still chart observations, the 
average falls on the one minute of arc curve; in the case of the 
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obsei’ved motion picture television equivalents, the average falls 
on the two minutes of arc curve. 

In order to indicate the relative viewing distances for a 
normal projection print, the data taken are shown in another 
graphical form. The plotted points for picture structures of 
60, 120, 180, and 240 lines are the same as for the curves in 
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Fig. 11 A — 60 scanning lines 
B — 120 scanning lines 
C — 180 scanning lines 
D — 240 scanning lines 
E — ^projection print 


Fig. 9. The plotted points for a normal projection print were 
taken in the same manner as for the other films. In this instance 
the viewing distance chosen was where the picture just began 
to show loss of detail. Thus Fig. 11 indicates in a general meas- 
ure the relative merits of the several picture structures. It also 
shows how near the 240-line structure approaches a normal 
sixteen-millimeter projection print. In inspecting this chart it 
will be noted that the observed data do not entirely check the 
theoretical acuity conditions. This is also to be noted by the 
variation of the points from the theoretical curve in Fig. 10. 
An example of this for the chart. Fig. 11, is that curve D for 
240 lines should indicate viewing distances one half that for 
curve B of 120 lines. Curve B for 120 lines and curve A for 60 
lines show the proper one-to-two relationship for viewing dis- 
tances. It is probable that for the higher number of lines the 
observed data err on the side of being too “good.” 

With a screen illumination of the order used in these tests 
(5 to 6 foot candles) an increase in apparent detail can be ob- 
tained with higher values of illumination, thereby providing a 
greater range of contrast. To determine the general order of 
this increase, several tests were made with a screen illumination 
of 20 foot candles. With this value the apparent picture detail 
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was improved, but also the picture structure was more pro- 
nounced, requiring a choice of viewing distance from thirty to 
forty per cent greater than for an illumination of 5 to 6 foot 
candles. Since 5 to 6 foot candles is more in keeping with tele- 
vision possibilities for the next several years, and since the 
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difference in apparent detail and \dewing distance is within the 
accuracy tolerances of the generalizations to be drawn, this par- 
ticular condition will not be taken into account. 

Some interesting data were obtained from direct comparisons 
of these projected television equivalents with the same subjects 
having “perfect detail.” Two similar projectors were set up so 
that the projected images were side by side on the screen and 
the illumination of each the same. One projector was used to 
project the film having television line structure; and the other 
projector, the same film subjects but a normal projection print. 
Observations were made using pictures of several heights and 
using the films having picture structures of 120, 180, and 240 
lines. Viewing distances were chosen at which the two screen 
images had the same apparent detail. At these viewing dis- 
tances the image from the normal projection print had a detail 
structure beyond eye acuity in fineness, and in this sense “per- 
fect.” These viewing distances might, therefore, be termed 
“ideal viewing distances” from the standpoint of picture detail 
and structure for the television equivalents. The data taken 
indicate that this “ideal viewing distance” is approximately fifty 
per cent greater than the “minimum viewing distances” shown 
by the curves in Figs. 9 and 10. This information is shown in 
graphical form by Fig. 12. 

We have determined from these observations two viewing 
distances in terms of picture detail and structure. The first is a 
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minimum viewing distance, and the second an ideal viewing dis- 
tance. If the total picture size were limited, we would, in viewing 
this picture, tend to approach it until the picture detail and 
structure became unsatisfactory. We would for this condition 
choose the minimum viewing distance referred to above. If the 
total picture size W'ere ample, we would tend to position ourselves 
so that we would view it at the ideal viewing distance. This rela- 
tionship will be covered more fully later in the paper. 

The tests we have made on picture detail are rigorous. We 
have set as standards the ability of the eye to see the elements of 
detail and picture structure. Another less exacting standard 
would be the “ability” of images having various degrees of 
detail to “tell the desired story.” In this case the detail required 
is dependent upon the kind of story and information to be pre- 
sented. The detail requirements would increase as the scenes 
became more intricate. During the early stages of development 
such a standard is useful, but, for obvious reasons, it is not of a 
lasting type since it is the eye and the reactions of vision that 
must be satisfied. The standards we have used are definite and of 
a character which will not become obsolete as the development of 
television progresses. 

If we qualify and limit “the ability to tell a desired story” 
to specific conditions, the experience we have had with television 
and these tests allows us to make some interesting approximate 
generalizations. If we take as a standard the information and 
entertainment capabilities of sixteen-millimeter home movie film 
and equipment, we may estimate the television, images in com- 
parison. 


60 scanning lines 

entirely inadequate 

120 

(i 

hardly passable 

180 

H 

minimum acceptable 

240 

i( 

satisfactory 

360 

tl 

excellent 

480 

it 

equivalent for practical conditions 


This comparison assumes advanced stages of development for 
each of the line structures. It relates to the ability of observers 
to understand and follow the action and story. It does not relate 
to the ability to reproduce titles and small objects. 

We stated earlier in this paper that motion in a picture 
has an effect on the apparent detail. There are several reasons 
for this. The observer’s interest is directed to the object or 
objects in motion. The eye then does not tend to explore the 
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picture step by step, examining each section critically. Under 
these conditions the eye requires less detail than for a still pic- 
ture, assuming that the detail is sufficient so that the purpose of 
the movements may be understood. Objects made up of too few 
picture elements to I'ecognize while still, may be recognizable 
and realistic while in motion. A portion of this improvement 
is due to experience on the part of the observer in associating 
the motion with things and processes he understands. A portion 
of the improvement is due to more favorable conditions for 
scanning while the object is in motion. Another portion of the 
improvement, as already stated, is due to concentration of 
interest around the motion. This effect is very important in 
dealing with crude television images, but becomes minor in 
images having sufficient detail to satisfy eye acuity. An image 
made up of 30 scanning lines, though inadequate for almost any 
subject, provides much more satisfactory results for objects 
in motion than for still scenes.’ On the other extreme, a normal 
sixteen-millimeter projected image of a scene including motion 
is not, in any large measure, superior to a scene containing no 
motion. There is, of course, a decided difference in the center 
or centers of interest. 

Reference to Figs. 6, 7, and 8 will illustrate this. In par- 
ticular, in the 60-line print of the baseball scene, the players 
are about five picture elements high, and considerable imagina- 
tion must be used to locate them. With the same scene in motion 
the observers can pick out the players, roughly determine their 
action, and, in a general sense, follow the game. In other words, 
the condition has changed from a reproduction of a scene con- 
taining no motion, and which gives practically no information 
except that it is a baseball field, to a reproduction of the same 
scene in which the players move, and which in general allows 
the observers to follow the action roughly. It is apparent from 
examining the other prints, particularly as the amount of detail 
increases, that reproductions with motion would naturally im- 
prove the satisfaction obtained, but the difference would not be 
as great and would decrease as the picture detail improved. Sum- 
marizing the effects of motion in a television image, we may 
conclude that the major improvement is that of observer inter- 
est. This is true because, to be generally satisfactory, the image 
must contain sufficient detail to satisfy eye acuity. This same con- 
dition holds in the case of motion pictures. We are, therefore, 
justified (and safe from the standpoint of results) in discount- 
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ing the effects of motion in the generalizations to be drawn from 
this analysis. 

Thus far in our investigation we have considered picture 
detail and structure and have arrived at certain relationships 
between number of scanning lines and viewing distances. We 
have not taken into consideration the picture size. By reference 
to the curve in Fig. 10, and by knowing the total number of 
scanning lines available for the system we are considering, we 
may readily determine the size of the picture in terms of height. 
This does not, however, tell us, at the viewing distance we have 
chosen, that the picture will be of a size pleasant to view. If the 
picture is too small it will be unsatisfactory because too fixed an 
attention will be required for viewing. If the picture is too large 
it will be unsatisfactory because too large movements of eyes 
or head will be required for viewing. In television, because of 
the practical limitations in detail (scanning lines), we are con- 
fronted in general with too small rather than too large pictures. 

In television we use the same ratios of picture width to pic- 
ture height (aspect ratio) as in motion pictures (6 to 5, or 
4 to 3) . In moderately large theaters the distance from the back 
row of the orchestra section to the screen does not usually ex- 
ceed six to seven times the screen height. The front row of seats 
may be as close as one and one-half to two times the screen 
height. The choice position is probably at four times the screen 
height from the screen. In home movies (where less detail is 
available because of the smaller size film) the desired viewing 
distances cover a span of from four to eight times the picture 
height. Since television, of the type w^e are considering, is for 
home entertainment, we shall in this consideration of television 
picture size use the accepted ratio of picture height to viewing 
distance for home movies (span of one to four — one to eight) 
in our comparisons. To make this more specific we shall follow 
through an example. For this illustration we shall use a picture 
one foot high. The desired viewing distance range is from four 
to eight feet. Going beyond eight feet, viewing conditions be- 
come decreasingly satisfactory and at twelve feet and beyond be- 
come quite unsatisfactory. This is based on the assumption that 
the same general run of subject matter will be used as for motion 
pictures. 

We have now=^ accumulated data which allow preparing a 
chart including relationships between scanning lines, picture 
size, viewing distance, and desired ratios of picture height to 
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viewing distance. The information on this chart, which is given 
as Fig. 13, is based on the observed data recorded in curve form 
in Fig. 10. Using this ‘'minimum viewing distance” relation 
between scanning lines per inch and viewing distance, the chart 
in Fig. 13 shows for a number of viewing distances the picture 
size — ^total scanning line relationship. Superimposed on this are 
horizontal broken lines for picture height to viewing distance 
ratios of one to four, one to eight, one to twelve, and one to 
sixteen. In using this chart we must take into consideration 
the fact that between the one-to-four and one-to-eight picture 
height to viewing distance lines, the viewing conditions will be 
satisfactory. As we drop below the one-to-eight ratio line the 
viewing conditions become less satisfactory, and below the one- 
to-twelve ratio line, generally unsatisfactory. 

This chart (Fig. 13) includes all the necessary information to 
determine scanning lines required if viewing distance and picture 
height have been decided upon ; or picture size, if a certain num- 
ber of scanning lines are possible and a certain viewing distance 
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Fig. 13 — Relationship between scanning lines and picture size for several 
viewing distances. Broken lines indicate picture height to viewing 
distance ratios. 

is desired. The chart also provides a guide for the desired pic- 
ture sizes for general viewing conditions. To illustrate, we might 
decide that we wish to view a television image at eight feet. 
Starting down the eight-foot viewing distance line, we find that 
with 360 scanning lines we may have a picture twenty inches 
high. We also learn that the picture height to viewing distance 
ratio is a very desirable one. With 240 scanning lines we find 
that we may have a picture thirteen and one-half inches high. 
Here the picture height to viewing distance is about one-to-eight 
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ratio line and, therefore, satisfactory. With 180 scanning lines 
we may have a picture ten inches high. We note that we have 
dropped below the one-to-eight ratio line, a less desirable view- 
ing condition. At this point the picture will, in general, be 
satisfactory for viewing but probably the minimum desirable 
for an eight-foot viewing distance. 

The viewing distance lines on this chart mean, in accordance 
with the explanation given a few paragraphs previously, that, at 
this particular distance and for the number of scanning lines 
and picture height indicated at any point along the line, this is 
the minimum viewing distance for a picture of this number of 
scanning lines and height. Since this information is based on 
tests made by three observers who have, as previously pointed 
out, acuity above average, this is a safe condition for average use. 
Suppose, as in the above illustration, we have chosen an eight- 
foot viewing distance and, with 240 scanning lines available, a 
picture height of thirteen and one-half inches. The nearest an 
observer should view this image is, then, at eight feet. Observ- 
ers more distant will naturally find satisfactory detail condi- 
tions. To determine if the general viewing conditions at more 
distant points are satisfactory because of the picture size, we 
may start at the eight-foot viewing distance line and the thir- 
teen and one-half inch picture size and drop down along the 
thirteen and one-half inch ordinate. At a ten-foot viewing dis- 
tance we are just a little under the one-to-eight ratio. At a 
twelve-foot viewing distance we are nearing the one-to-twelve 
ratio and approaching unsatisfactory viewing conditions. There- 
fore, a picture of 240 scanning lines and thirteen and one-half 
inches high may be viewed from eight feet to about twelve feet. 
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A STUDY OF TELEVISION IMAGE 
CHARACTERISTICS 

PART TWO' 

Determination op Frame Frequency for Television 
IN Terms op Flicker Characteristics 

By 

E. W. Engstrom 

(RCA Victor Company, Inc., Camden, N. J.) 

Summary — During 1931 and 1932 an investigation was carried out to oh~ 
t^ain quantitative information on the several characteristics of television\ 
images. Part One of this paper covered those characteristics relating to 
image detail. This paper. Part Tivo, covers a determination' of frame f re- 
qiiency in terms of flicker characteristics. The analysis is based on a number 
of simple tests largely in terms of equivalents so that a ivide range of condi- 
tions might be studied. Conclusions are reached regarding several means for 
minimizing flicker. 

T elevision images consist of rapidly superimposed, in- 
dividual frames much the same as motion pictures. In 
the case of motion pictures a group of time related stills 
is projected at a uniform rate, rapid enough to form a continu- 
ous picture through persistence of vision. By present methods 
each franie of a television image is built up element by element 
in some definite order, and these time related frames are repro- 
duced at a rapid rate. 

In motion pictures the taking or camera frame frequency 
determines how well the system will reproduce objects in mo- 
tion. This has been standardized at 24 frames per second. In 
television it is assumed that we shall use a frame frequency 
of 24 per second or greater. Since this is satisfactory for motion 
pictures, it is also satisfactory for television and this charac- 
teristic of frame frequency will, therefore, not be considered 
further. 

In the reproduced image there is another effect of frame 
frequency which has been the subject of investigation. This is 
the effect of frame frequency on flicker. Motion picture pro- 
jectors commonly used are of the intermittent type. The usual 

^ E. W. Engstrom, “A study of television image characteristics, Part I,” 
Proc. I.R.E. vol. 21, no. 12, pp. 1631-1651; December, (1933). 
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cycle of such a projector is that at the end of each projection 
period the projection light is cut off by a “light cutter,” the film 
is then moved and stopped so that the succeeding frame registers 
with the picture aperture, the light cutter then opens, starting 
the next projection period. This is repeated for each frame — 
24 per second. Since projection at 24 light stoppages per sec- 
ond with the illumination levels used in motion pictures causes 
too great a flicker effect, the light is also cut off at the middle 
of the projection period for each frame for a time equivalent to 
the period that it is cut off while the film is moved from one 
frame to the next. This results in projection at 24 frames per 
second with 48 equal and equally spaced light impulses. Such an 
arrangement provides a satisfactory condition as regards flicker. 
In television, we also may have a reproduced image at 24 frames 
per second, but because of the manner in which the image is 
reconstructed, a continuous scanning process, it is not practicable 
further to break up the light impulses by means of a light chop- 
per in a manner similar to that used in the projection of motion 
pictures. We, therefore, have for the usual systems of television 
a flicker frequency which corresponds with the actual frame 
frequency (24 per second, for example). This is satisfactory 
at very low levels of ' illumination but becomes increasingly objec- 
tionable as the illumination is increased. 

It is of interest to review very briefly some of the funda- 
mental considerations regarding time relations in vision. Full 
treatment of this may be found in most texts on optics dealing 
with the eye and the physiological aspects of the subject. 

When the retina of the eye (adapted to darkness) is suddenly 
exposed to a fleld of steady brightness, the sensation rises rap- 
idly to a maximum, and then falls to a lower constant value. 
When the stimulus is removed, the sensation does not immedi- 
ately disappear but takes a finite time to decay below the limit 
of perception. Thus, if the eye is exposed to a source of rapidly 
varying intensity, the effects of the finite rates of growth and 
decay of sensation (or the persistence of vision) may prevent 
flicker from being noticeable. This is true provided that the 
total cycle of variations is regular and of high enough frequency. 

If the frequency of a varying source is sufiiciently high so 
that flicker is imperceptible, the eye is able to integrate the 
brightness over the cycle of variation. Thus 7 = (l/t) Jo'idt, 
where I is the apparent brightness, t the total period of one com- 
plete cycle of variation, and i the instantaneous brightness. The 
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effect is as if the light for each cycle were uniformly distributed 
over the period of the cycle. 

The highest frequency at which flicker can just be detected 
is called the critical frequency. It has been showm that the 
critical frequency is practically a linear function of the 
logarithm of the brightness of the field (over the range of 
interest for television) . The sensitivity of the eye to flicker 
is noticeably increased when increasing the field of view from a 
few degrees to an image of the size and viewing distances en- 
countered in motion picture practice. The sensitivity to flicker 
is also greater for averted vision when viewing large fields of 
varying brightness. 

In television there are a number of factors that contribute 
to flicker effects. These in general are : 

Number of frames (light impulses) per second. 

Brightness of image. 

Percentage of time the image is illuminated for one frame 
cycle. 

Wave form of rise and decay of light impulse. 

Size of image in terms of angle subtended at the eye of 
observer. 

Because information of the type in which we are interested 
for a study of television flicker was not directly available, a 
number of general tests were made. The first tests were with a 
simple flicker disk. The set-up included the elements of a motion 
picture light and optical system — ^an incandescent lamp light 
source, a reflector and condenser system, a light cutter (sector 
disk) , a picture aperture, a projection lens, and a reflecting type 
screen. A diagram of the light cutter is showm in Fig. 1. In 
order to have the light cutter mechanically balanced, two light 
openings were used on opposite halves of the disk. A complete 
cycle of 360 degrees, therefore, consists of one-half revolution 
of the light cutter disk. The dimensions of the light cutter and 
picture aperture were such that the aperture was just fully 
covered (illuminated) by the smallest light opening used (10 
degrees) and just fully cut off by the sector for the largest light 
opening used (350 degrees). 

In this set-up the wave form of illumination was determined 
by the speed of rotation, the dimensions of the light cutter and 
picture aperture. The variables for the tests were the angle 
of opening on the light cutter and the speed of rotation. The 
size of the image used was one foot high, four-by-three ratio of 
width to height, and was viewed at a distance of six feet (a 
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picture height to viewing distance ratio of one to six). The 
color of the light was determined by the incandescent lamp 
(home movie projector type) which was used within the oper- 
ating voltage range. Tests were made with the above-determined 
factors on the relationship of number of frames, illumination, 
and opening of light cutter. For these tests the stray room 
illumination was of the general order of one-tenth foot candle. 

Tests were made for a number of light openings from 10 
degrees to 350 degrees. For each light opening, observations 
were made for several levels of integrated illumination of the 
screen image from one-half to twenty foot candles. The illumi- 
nation was measured at the screen with a Weston direct reading 
illuminometer, looking toward the projection lens and with the 
light cutter operating. The screen was a large sheet of very 
white, matte surface drawing paper having a reflection coefficient 
of about 75 per cent. For each value of light opening and screen 
image illumination a frame or light impulse frequency was 
chosen at which the flicker on the image could just be noticed 
when vision was concentrated at the center of the image. At 
higher frequencies the flicker was unnoticeable — at lower fre- 
quencies the flicker became increasingly noticeable. Each fre- 
quency value chosen was the average for four observers. Care 
was taken in making these observations but, because of the 
type of the effect, the results are only approximate. The data 
taken are shown in chart form in Fig. 1. 
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Fig. 1 — Sector disk tests. Conditions for just noticeable flicker. 
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Similar observations were taken for another qualification of 
flicker. For the same conditions as used in the tests just de- 
scribed, frame or light impulse frequencies were chosen at which 
the flicker effect became disagreeably objectionable. This rating 
was diflScult to judge. Comparison of the data taken with Fig. 1 
indicated that the frequency for disagreeably objectionable 
flicker was lower for all conditions by a fairly constant value 
(10 to 15 frames) than that for just noticeable flicker. 

For practical conditions of viewing, flicker is most noticeable 
with averted vision. One of the conditions for the above obser- 
vations was that vision was concentrated at the center of the 
screen image. If vision is concentrated at one edge of the image, 
then the other edge is positioned at a larger angle from the 
central portion of the eye than when vision is concentrated at 
the center of the image. In order to determine the magnitude of 
this effect for various image sizes in terms of viewing angles, 
several observations were made. It was found that with a pic- 
ture height to vifewing distance ratio of one-to-four, and with 
vision concentrated on the image edge, either left or right, flicker 
from the opposite edge required the choice of a frame or light 
impulse frequency approximately ten per cent greater than that 
indicated when vision was concentrated at the center of the 
image, for conditions of just noticeable flicker. With a picture 
height to viewing distance ratio of one-to-eight, a little less 
difference was noted between these same two conditions. With 
a picture height to viewing distance of one-to-twelve, very little 
difference was noted. 

Several observations were made to determine the effect of 
general room illumination on flicker. The same screen material 
was used as in the previous tests. The screen area was several 
times that of the projected picture aperture. Tests were made 
by evenly flooding the screen and room with daylight, meas- 
uring the stray illumination at the screen, measuring the added 
illumination of the projection device, and making observations 
for the condition of just noticeable flicker. These tests indicated 
that if the difference between the measured illumination of the 
image and the measured illumination of the surrounding screen 
was used as the value of screen illumination, then the results 
obtained were the same as given in Fig. 1. These observations 
were carried up to the point where stray illumination equaled 
the illumination from the projection device. 
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In order to visualize more readily the effect that the time the 
image is illuminated for each frame cycle has on flicker, the 
data in Fig. 1 have been replotted in the form shown in Fig. 2. 
From these curves obvious conclusions may be reached regard- 
ing the portion of each frame that the image must be illuminated 
and the number of frames per second for the illumination level 
desired. The results are in terms of just noticeable flicker. 

After this general study of flicker we shall proceed to con- 
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Fig. 2 — Sector disk tests. 

sider several speciflc conditions more definitely related to tele- 
vision systems. In television systems using moving mechanical 
devices in combination with a light source which is varied by the 
incoming picture signal, each element of the image is illuminated 
for only that portion of each frame that the light source covers 
that picture element — an extremely short period of time. Per- 
sistence of vision is relied upon to carry the effect from one 
frame to the next. 
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Fig. 3 

In a television system using a cathode ray tube (kinescope) 
in the receiver, each element of the image on the luminescent 
screen, when excited by the electron beam, fluoresces and assumes 
a value of brightness corresponding with the value of excitation. 
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Upon removing the excitation this brightness then decays 
(phosphoresces) in an exponential manner dependent upon the 
screen material. The phosphorescence or persistence of the image 
screen aids the persistence of the eye in viewing the reproduced 
image. The persistence characteristic of a kinescope screen of 
the type generally used (zinc orthosilicate phosphor — “wille- 



Fig. 4 — A — Spectral energy characteristic of kinescope screen. 

B — Sensitivity of eye. 

mite”) is shown in Fig. 3. The spectral distribution character- 
istic is given in Fig. 4 (the band maxima of this figure are not 
related in intensity). 

In order to obtain data on the flicker from a kinescope 
under several conditions of operation, a series of observations 
was made. The deflecting circuits were arranged so that the 
vertical speed (frames per second) could be varied. The screen 



Fig. 5 — Kinescope tests. 


height used was six inches and the viewing distance three feet — 
a picture height to viewing distance ratio of one to six. The 
stray room illumination was of the general order of one-tenth 
foot candle. The luminescent screen illumination was measured 
with a Weston direct reading illuminometer at the kinescope 
glass envelope looking toward the screen. This was a measure 
of the light directed to the observer. Sufficient number of lines 
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of even distribution were used to fill completely the picture 
height of six inches. 

Data wei’e taken for three conditions of flicker : 

Just noticeable; noticeable but satisfactory; disagreeably 
objectionable. The results of these observations are shown by 
Fig. 5. 

These observations indicate that for even one foot-candle 
screen illumination 38 frames per second are required for just 
noticeable flicker, 35 frames per second for noticeable but satis- 
factory flicker, and 28 frames per second result in disagreeably 
objectionable flicker. Thus a standard of 24 frames per second 
cannot be justified. These data also indicate that 48 frames 
per second will be satisfactory from the standpoint of flicker 
for values of illumination likely to be encountered in television. 

The light from such a kinescope is restricted to a rather 
narrow band in the green portion of the spectrum. In order to 
compare the flicker effect of this green light with the flicker 
effect of light from a projection type incandescent lamp, an 
additional set of observations was made. For these tests the 
same sector disk set-up was used as for the data shown on Fig. 1. 
The sector disk setting used for this comparison was the 240- 
degree light opening. Tests were repeated for just noticeable 
flicker with the normal light from the incandescent lamp, and 
then again introducing filters so that the light at the screen was 
about equivalent to the green light from the luminescent screen 
of the kinescope. The flicker results from the two colors of light 
of the same illumination were the same within limits of experi- 
mental error. 

Because of the kinescope operating characteristics and the 
associated “a-c” type picture signal amplifiers of the usual 
type television system, the average illumination of the entire 
screen remains constant. Sections of the picture “ride” on this 
average illumination, varying above and below. For some repro- 
duced images, sections of the picture may remain at a higher 
level of illumination than average and, thereby, make flicker 
of these sections more pronounced. However, in practice this 
effect is not noticeable, and observations indicate that the flicker 
of a plain deflection pattern of given illumination is more pro- 
nounced than when a signal of an average picture is impressed. 
It is probable that the television systems of the future will 
include methods for modifying the average illumination in ac- 
cordance with the total illumination of the original scene which 
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is being reproduced. For this condition, a frame frequency 
should be chosen based on the higher sustained levels of illumi- 
nation in reproduction. 

Reference to the persistence characteristic of the kinescope 
screen shown in Fig. 3 indicates that a change of frame speed 
affects first, the rapidity of the successive light impulses and, 
second, the amount of illumination existing at the end of each 
light impulse cycle. These operate in the same direction, that 
is, reducing the effects of flicker as the frame frequency is in- 
creased and increasing the effects of flicker as the frame fre- 
quency is decreased. With the usual shape of decay curve the 
effect of the persistence characteristic of the screen is limited 
in the control of flicker. Also, if the persistence is too great, a 
blurring effect or tail wull follow bright moving objects on a 
reproduced image. 

In order to determine the relationship between persistence 
of the kinescope screen and flicker, a number of tests were con- 
ducted. These tests were made through a series of equivalents 
using a special projection device so as to provide sufficient range 
for measurement. The projection device consisted of a modified 
motion picture projector having a constant speed sprocket in 
place of the intermittent sprocket so as to pull the film past the 
picture aperture at a uniform rate of speed. Provision was made 
for a wide range of operating speeds (frames per second) and 
for a wide range of screen illumination. A group of special 
films was prepared in which the light transmission character- 
istic of each frame from top to bottom decreased exponentially 
at a given rate for each film. Six films were made having attenu- 
ation characteristics in accordance with Fig. 6. The dotted 
lines indicate the number of frames that would be required for 
the transmission to be reduced to one per cent. Sample prints 
of one frame are shown in Fig. 7. 

These films were projected in the normal manner, that is, 
sharply focused on the viewing screen. Since the film passed 
by the picture aperture of the projector at a constant rate of 
speed, the visual effect at the screen was practically the same 
as if viewing a kinescope having a luminescent screen of per- 
sistence characteristics corresponding with the particular film 
used. Comparison with the persistence characteristic for wille- 
mite, shown in Fig. 3, indicates that at 24 frames per second 
film No. 2 corresponds approximately with willemite, and at 48 



135 Engstrom : Television Image Ckaracteristics 

frames per second film No. 4 corresponds approximately with 
willemite for this test set-up. 

Observations were made with a screen image one foot high 
and with a viewing distance of six feet. The screen illumination 
was measured for each film and for each observation at the 
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Fig. 6 — Transmission characteristics of special films. 
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Fig. 7 — Sample frames of special films for flicker tests. 

screen with a Weston direct reading illuminometer looking 
toward the projection lens and with the projector in operation. 
For each film a series of data was obtained, for a wide range 
of screen illumination, on the frame frequency per second (light 
impulse frequency) required for just noticeable flicker. The 
observed values used were the average for three observers. 
These data are shown in chart form by the next three figures — 
Figs. 8, 9, and 10. This information has been presented in 
several forms so as to be most useful for indicating the effect 
of screen persistence. 

Inspection of these charts indicates the range of control 
that the persistence characteristic of the luminescent screen 
has on flicker. During the tests made, no consideration was 
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given to the “hang-over” — blurring effect that too great a per- 
sistence would have on bright moving objects in the reproduced 
image. It is probable that film No. 6 exceeds the allowable time 
lag from the standpoint of this characteristic. From these data 
it does not appear logical that the complete solution to the flicker 
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A — 10 foot candles. 

B — 5 foot candles. 

C — 1 foot candle. 


Figs. 8, 9, 10 — Conditions for just noticeable flicker. Special film tests. 


problem can be arrived at through screens of greater persistence 
so long as the decay characteristic is exponential in form. It is 
obvious that the desired wave shape of persistence (brightness 
versus time) is one which would be flat-topped for the period 
of one frame or slightly less, and then drop rapidly to zero. 

In motion picture practice the projection light is broken up 
at the rate of two or more times the frame frequency during 
projection to reduce the flicker effect. A directly similar method 
is not practicable for television. However, in television certain 
special procedures in scanning have been used to reduce the 
effects of flicker. In order to determine the merit of such a 
system a number of tests were made. 
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In the usual systems the object scanned is covered by equal 
horizontal strips or lines from top to bottom in the regular 
order of lines 1, 2, 3, 4, 5, 6, . . . (progressive scanning) . This 
results in one over-all light impulse for each frame repetition in 
the reproduced image. If this procedure is modified so that the 
scanning is, for the first half of one frame period, in the order 
of lines 1, 3, 5, 7, 9, . . . from top to bottom of the frame, and for 
the second half of the frame period in the order of lines 2, 4, 6, 
8, 10, . . . from top to bottom of the frame (interlaced scanning) , 
then the flicker effect of the reproduced image is changed. Each 
frame period now consists of two portions with respect to time, 
the first of alternate lines and the second of the remaining set 
of alternate lines, properly staggered to form a complete inter- 
laced pattern. This results in an over-all effect of two light 
impulses for each frame repetition — ^twice that of the usual 
method of scanning. However, another effect is now present. In 
progressive scanning each line flickers at the rate of once per 
frame, and neighboring lines differ in time relation only by 
the time required for scanning one line. There is, therefore, no 
noticeable interline effect. In the interlaced pattern each line 
also flickers at the rate of once per frame, but neighboring lines 
differ in time relation by one half a frame period. This results 
in two flicker effects — an over-all effect and an interline effect. 

A test set-up was made to obtain preliminary information 
on an interlaced scanning pattern. Fig. 11 is a reproduction of 
a disk, reduced in size, which was prepared for this test. It 
was mounted on a mechanism and rotated at 24 revolutions per 
second. The disk was masked except for one aperture having 
an opening 30 degrees wide and high enough to include the two 
sections of lines. It was evenly illuminated with daylight ; about 
20 foot candles. The inner section of the disk corresponds to a 
condition where each line is illuminated for two thirds of each 
frame cycle and (for 24 revolutions per second) at the rate of 
48 frames per second — a progressive scanning pattern. The 
outer section corresponds to a condition where each line is 
illuminated for two thirds of each frame cycle and at the rate 
of 24 frames per second, but so that alternate groups of lines 
are illuminated 180 degrees out of phase — an interlaced scanning 
pattern with a field frequency twice the frame frequency. The 
width of white lines in each section is the same. 

The inner section of the disk was prepared as a check for 
the observations on the outer section. The results from viewing 
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the inner section were in accordance with the data previously 
presented. Starting with a viewing distance considerably be- 
yond that which allowed resolution of the individual lines, it was 
naturally noted that the flicker effect was not noticeable on the 
inner section. Approaching the disk, a ’ definite distance was 
reached where the lines could just be seen as separate units. 
The flicker at this point was, also, unnoticeable. Approaching 



Fig. 11 — Special disk for flicker tests with interlaced scanning. 

the disk still closer made the line structure increasingly more 
pronounced, but the flicker effect was still unnoticeable. The 
same test was repeated for the outer section (interlaced line 
structure). Starting with a viewing distance considerably be- 
yond that which allowed resolution of the individual lines, a 
flicker effect was unnoticeable. Approaching the disk it was 
observed that the line structure could be resolved at the same 
distance as for the inner section. In addition, a peculiar inter- 
line effect was observed and this started sharply at the distance 
where the line structure was first defined. This effect is rather 
difficult to describe, but, roughly, the adjacent lines appear to 
interweave. Approaching the disk closer caused this action to 
become very pronounced and jumpy. Assuming that the line 
structure could just be resolved at ten feet, then this jumpy, 
interweaving effect would first be noticed at this distance. At 
nine feet the effect would be more deflnite, and at closer dis- 
tances it would be objectionable and tiring to the eyes. It was 
noted that blinking, rapid movements of the eye, or jerky move- 
ments of the head, particularly movements at right angles to 
the lines, caused the interlacing to be momentarily destroyed. 
The visual effect was apparently to see only one set of alternate 
lines with spaces between. 
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From these observations some approximate generalizations 
may be drawn. An interlaced pattern of the type just described 
is a means of minimizing flicker. The reproduced image must be 
viewed at distances equal to or greater than that at which the line 
structure can be resolved, to prevent undesirable effects from 
interline flicker. In Part One of this paper^ it was determined 
desirable to view reproduced images at distances which were 
also in accordance with the above findings from considerations 
of image detail. With progressive scanning the only effect at 
closer distances is the noticeable line and picture structure. 
With an interlaced pattern of scanning the limitation becomes 
more definite because of the interline flicker. 

In the test described, each frame of the image was divided 
into two sets of alternate lines. It might have been broken 
down into other forms — three groups of every third line, four 
groups of every fourth line, etc. Since we are using as a base 
a frame frequency of 24 per second, and since dividing each 
frame into two over-all light impulses results in satisfactory 
flicker condition, further subdivision seems unnecessary. Also, 
with further subdivision the flicker and crawling effect between 
groups of three lines, groups of four lines, or whatever sub- 
division above two is chosen, will become increasingly pro- 
nounced, requiring in turn proportionately greater viewing dis- 
tances. 

Observations were made on a system using an interlaced 
scanning pattern with a television receiver using a kinescope. 
These observations confirmed in general the results of the tests 
just described with the rotating disk. The indications are that 
satisfactory flicker conditions are obtained for kinescopes hav- 
ing screen persistence characteristics as in Fig. 3, when using a 
frame frequency of 24 per second and a field frequency of 48 
per second, resulting in an interlaced pattern having the equiva- 
lent of 48 light impulses per second. Viewing conditions are in 
general limited to those equal to or greater than the position 
where the line structure may be resolved. It is obvious that an 
interlaced scanning pattern of the type just described requires 
the same maximum frequency for transmission as an image re- 
sulting from progressive scanning with the same base frequency 
(24 per second). With the interlaced scanning pattern the hori- 
zontal line deflecting frequency remains the same as for a pro- 
gressive scanning pattern but the vertical deflecting frequency 
is doubled — 24 to 48. 
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The method of obtaining an interlaced pattern and the in- 
cidental problems to be solved are beyond the scope of this 
paper. Ho-wever, one phase of this is of interest since it influ- 
ences the required band width for transmission. This is in con- 
nection with the practical application of alternating-current 
power supply systems to cathode ray type receivers using inter- 
laced scanning. The effect of ripple voltages from the power 
supply system appears in the reproduced image from numerous 
sources. In progressive scanning, adjacent lines are closely 
related in time and, therefore, the displacement (due to the 
effects of ripple) of one line from its true position with respect 
to adjacent lines is small. The effect of ripple is, therefore, some- 
what of an over-all image effect causing to be superimposed on 
the scanning pattern a varying brightness or line density effect. 
If the frame frequency differs from the supply frequency — 
differs except in terms of whole number multiples or sub- 
multiples — ^then the effect of this ripple will move across the 
image. If the frame frequency is a submultiple of the power 
supply frequency — 30 frames for a 60-cycle source — ^then the 
effect of this ripple is stationary on the image and much less 
pronounced. This moving ripple pattern is almost as disturbing 
as the true flicker and the visual effects are about the same. 
(The improvement due to the reduction of the ripple effects 
might make a 30-frame per second image desirable for 60-cycle 
supply sources for progressive scanning, even at the expense 
of the increased frequency band.) With the interlaced scanning 
pattern, adjacent lines are separated in time by one half the 
period of one frame — one forty-eighth of a second for a 24-frame 
image where the field frequency is twice the frame frequency. 
With an interlaced pattern where the frame frequency or field 
frequency differs from the power supply frequency (such as 24 
frames, 48 groups of alternate lines per second for a 60-cycle 
supply source) the ripple effects also move across the image. 
Since adjacent lines are widely separated in time, the phase dif- 
ference of the ripple effect will cause adjacent lines first to draw 
together and then to separate in correspondence with the time 
difference between the frame and supply frequencies. With even 
very well filtered alternating-current to direct-current supply 
systems and with good magnetic shielding, this effect is suffi- 
ciently pronounced and random to destroy the effect of inter- 
lacing. The means for reducing the level of ripple to that re- 
quired to prevent such action are of a classical rather than a 
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practical order. The visual effect is apparently to lose one half 
of the total number of lines. The solution is found in changing 
to a submultiple of the power supply frequency, for example, a 
30-frame interlaced pattern for a 60-cycle source. The ripple 
effect is then stationary and, with reasonably well-designed sup- 
ply systems, is quite unnoticeable. Tests were made which indi- 
cated that for a 30-frame per second picture, the transmitter 
supply frequency and the receiver supply frequency need not be 
synchronous; a difference up to one cycle per second in power 
supply frequencies may be tolerated. The choice of a 30-frame 
per second interlaced scanning has naturally increased the fre- 
quency band required in the ratio of 30 to 24. 

Summary 

We may summarize the results of the study of television 
image flicker as follows. Naturally the frequency band required 
for transmission is proportional to the frame frequency. 

For a system of 'television reproduction where the light out- 
put of each elementary area is effective only during the scanning 
period for that area (equivalent of scanning disk) , a very high 
frame frequency is required for useful levels of illumination — 
Fig. 1. 

For a system of television reproduction using a kinescope 
as the translating device and which has screen luminescence 
characteristics of the same order as willemite, a frame fre- 
quency in excess of 40 per second is required — Fig. 5. A frame 
frequency of 48 per second will be satisfactory for levels of 
illumination likely to be encountered in television. (At 48 frames 
and with a 60-cyele power system the effects of ripple voltages 
will travel across the image; the choice of 60 frames per second 
provides a complete solution to the visual effects of both flicker 
and ripple.) 

A generally ideal translating device would be one in which 
each elementary area consisted of a light source, the brightness 
of which would be adjusted once each frame. A kinescope lu- 
minescent screen is very roughly such an arrangement. How- 
ever, the persistence of brightness after excitation follows an 
exponential decay. The choice of material and its fluorescent and 
phosphorescent characteristics provides only a partial solution 
in the control of flicker for practical conditions — Figs. 8, 9, 10. 

For a system of television using an interlaced scanning 
pattern and with a frame frequency of 24 per second, or more. 
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satisfactory flicker conditions exist if each frame consists of 
two groups of alternate lines (equivalent to 48 frames per sec- 
ond). If, for interlaced scanning, a kinescope is used as the 
translating device, then the frame frequency must bear a definite 
relation to the power supply frequency; for a 60-eycle supply 
the frame frequency may be 30 per second and the field frequency 
60 per second. The minimum viewing distance for such an image 
is limited simultaneously by interline flicker and resolution of 
line structure. 
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AN EXPERIMENTAL TELEVISION SYSTEM 


By 

E. W. Engstrom 

(RCA Victor Company, Inc., Camden, New Jersey) 


Summary — This forms the mtroduction to a group of papers describing 
the apparatus used in making practical tests on an eoaperimental television 
system. 


D uring the early part of 1931 it was decided to make 
practical tests on a cathode ray television system of the 
type being developed by the research organization of RCA 
Victor. This project was entirely experimental in nature, but 
was so directed as to obtain operating conditions as nearly as 
possible in keeping with probable television broadcast service. 
The location chosen for these tests was the metropolitan area of 
New York. The studio and transmitter equipment was located 
in the Empire State Building with the antenna structures at the 
very top. Apparatus for this project was completed and installed 
during the second half of the year. Operation tests followed, 
continuing through the first half of 1932. 

The equipment used for these experimental field tests was 
in keeping with the status of television development at that time. 
Two radio transmitters were used, one for picture and the other 
for sound. These were operated in the experimental television 
band, 40 to 80 megacycles. The picture and sound transmitters 
were widely separated in frequency to simplify the apparatus 
requirements. One hundred and twenty line scanning was used. 
The limit of 120 lines was established mostly by the signal-to- 
noise ratio for direct studio pick-up. The picture repetition fre- 
quency was 24 per second. This was chosen so as to provide 
adequate continuity of action for objects in motion for studio 
programs and to enable the use of standard sound motion picture 
film for film subject material. Synchronization was automati- 
cally maintained at the receiver by transmitted synchronizing 
impulses, one impulse for each line and one impulse for each 
picture frame. The line and frame impulses differed in charac- 
ter. “Mechanical” scanning equipment was used for both studio 
and film subjects. 

Reprinted from Proceedings of the Institute of Radio Engineers, 
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The television receiver consisted essentially of two channels, 
one a receiver for picture with its cathode ray tube and asso- 
ciated circuits and the other a receiver for sound with its usual 
loud speaker. Independent tuning arrangements were provided 
for each channel. The cathode ray tube was mounted in a ver- 
tical position and the reproduced image viewed in a mirror 
mounted on the inside of an adjustable top lid of the cabinet. 

After the apparatus had been installed and placed in oper- 
ating condition, practical tests followed. These tests were varied 
in nature and were intended to be as comprehensive as possible. 
A propagation study was made of the metropolitan area of New 
York. An analysis was made of electrical "‘noise” disturbances, 
sources of this “noise”, and the resulting effect of television per- 
formance. Experience was obtained in the use of the terminal 
and radio transmitter apparatus which indicated limitations and 
measures to permit greatest usefulness. Receivers were placed 
in many locations and the installation and operating problems 
were studied. Reactions of many observers were obtained. 

Much valuable engineering information was obtained as a 
result of this project. An opportunity was available to design 
and construct apparatus for a complete experimental television 
system. Indications were obtained regarding the possibilities 
and limitations of the apparatus. Extensive operating data were 
accumulated. The project provided further insight and it broad- 
ened the perspective on that rather intangible factor “satisfac- 
tory television performance.” An analysis of the experience and 
engineering information provided concrete objectives for con- 
tinued research on television. 

Some of the major conclusions and indications are of general 
interest. The frequency range of 40 to 80 megacycles was found 
well suited for the transmission of television programs. The 
greatest source of interference w’-as from ignition systems of 
automobiles and airplanes, electrical commutators and con- 
tactors, etc. It was sometimes necessary to locate the receiving 
antenna in a favorable location as regards signal and sources 
of interference. For an image of 120 lines the motion picture 
scanner gave satisfactory performance. The studio scanner was 
adequate for only small areas of coverage. In general the studio 
scanner was the item which most seriously limited the program 
material. Study indicated that an image of 120 lines was not 
adequate unless the subject material from film and certainly 
from studio was carefully prepared and limited in accordance 
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with the image resolution and pick-up performance of the sys- 
tem. To be satisfactory, a television system should provide an 
image of more than 120 lines. A more general discussion of the 
image detail requii'ements for television has been given in a pre- 
vious paper.i The operating tests indicated that the fundamen- 
tals of the method of synchronizing used ■were satisfactory. The 
superiority of the cathode ray tube for image reproduction was 
definitely indicated. With the levels of useful illumination pos- 
sible through the use of the cathode ray tube, the image flicker 
was considered objectionable with a repetition frequency of 24 
per second. The receiver performance and operating character- 
istics were in keeping with the design objectives. 

Information has been presented on the results of the propa- 
gation study made as a part of this project.^ It is the purpose of 
the following papers to describe the system and the experimental 
apparatus used. The description of the entire system is covered 
by three papers: a description of the system, the cathode ray 
tube, and associated circuits; a description of the transmitting 
equipment; and a description of the receiving equipment. Each 
paper has been prepared by the engineer responsible for that 
portion of the project. 

Acknowledgment is made to all the members of the RCA 
Victor organization who participated in the work, and for the 
assistance of others in associated companies of the RCA group. 

1 E. W. Engstrom, “A study of television image characteristics,” Proc. 

this issue, pp. 1631-1651, 

2 L. F. Jones, “A study of the propagation of wavelengths between three 
and eight meters,” Proc. I.R.E., vol. 21, pp. 349-386; March, (1933). 



DESCRIPTION OF AN EXPERIMENTAL TELEVISION 
SYSTEM AND THE KINESCOPE 

By 

V. K. Zworykin 

(RCA Victor CJompany, Inc., Camden, New Jersey) 

Summary — A general description is given of an experimental television 
system using a cathode ray tube (kinescope) as the image reproducing ele- 
ment in the receiver. The fundamental considerations ^underlying the design 
and use of the kinescope for television are outlined. A description of the 
circuits associated ivith the kinescope and an explanation of the application 
to an experimental receiver are included. 

Introduction 

T he experimental television system placed in operation by 
RCA Victor in New York late in 1931, and on which prac- 
tical tests were made during the first half of 1932, was 
based on the use of a cathode ray tube as the image reproducing 


■PholoocM 



Fig. 1 

element in the receiver. This allowed the use of a system with 
120 scanning lines and a frame repetition frequency of 24 per 
second with adequate illumination for the reproduced image. 
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A block diagram of the system is shown in Fig. 1, where the 
components and their location in the system are indicated. Nam- 
ing the units in order, we have for television from the studio : 
The photo-electric tubes, the flying spot scanning equipment, the 
picture signal and synchronizing signal amplifiers, the control 
and switching equipment, and the modulating and radio trans- 
mitter equipment. The units comprising the television receiver 
are: An antenna system feeding two radio receivers, one for 
sight, including the cathode ray unit with its associated hori- 
zontal and vertical deflecting equipment, and the other for sound, 
including the usual loud speaker. 



Fig. 2 

The Kinescope 

The name '‘kinescope’’ has been applied to the cathode ray 
tube used in the television receiver to distinguish it from ordi- 
nary cathode ray oscilloscopes because it has several important 
points of difference; for instance, an added element to control 
the intensity of the beam. Fig. 2 gives the general appearance 
of the tube which has a diameter of 9 inches, permitting a repro- 
duced image of approximately 5V^X61/^. inches. Fig. 3 is a cross- 
section view of one of these tubes, showing the relative position 
of the electrodes, especially the cathode and its surrounding 
assembly, which is usually referred to as the "electron gun.” 
The indirectly heated cathode, C, operates on alternating cur- 
rent. Its emitting area is located at the tip of the cathode sleeve 
and is formed by coating with the usual barium and strontium 
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oxides. The control electrode, corresponding to the grid in the 
ordinary triode, is shown at G. It has an aperture, 0, directly 
in front of the cathode emitting surface, and besides functioning 
as the control element it also serves as a shield for the cathode. 

The first anode, Ai, has suitable apertures which limit the 
angle of the emerging electron beam. The electron gun is sit- 
uated in the long, narrow neck attached to the large cone-shaped 
end of the kinescope, the inner surface of the cone being silvered 
or otherwise metallized, and serves as the second anode. The 
purpose of the second anode, Ao, is to accelerate the electrons 
emerging from the electron gun and to form the electrostatic 
field to focus them into a very small, thread-like beam. The first 
anode usually operates at a fraction of the second anode voltage. 

The focusing is accomplished by an electrostatic field set up 
by potential differences applied between elements of the electron 



gun and the gun itself and the metallized portion of the neck of 
the kinescope. 

The theory of the electrostatic focusing is described in detail 
in a recent paper by the writer.^ The lines of force of the electro- 
static field, between properly shaped electrodes, force the elec- 
trons of the beam to move toward the axis, overcoming the 
natural tendency of electrons to repel each other. This action 
is analogous to the focusing of light rays by means of optical 
lenses. The electrostatic lenses, however, have a peculiarity in 
that their index of refraction for electrons is not confined to the 
boundary between the optical media, as in optics, but varies 
throughout all the length of the electrostatic field. Also, it is 

IV. K. Zworykin, Jour. Frank. Inst., pp. 535-555, May, (1933). 
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almost impossible to produce a simple single electron lens; the 
field always forms a combination of positive and negative lenses. 
However, by proper arrangement of electrodes and potentials, 
it is always possible to produce a complex electrostatic lens which 
will be equivalent to either positive or negative optical lenses. 

The distribution of electrostatic fields in the electron gun of 
the kinescope is shown on Fig. 4. In this particular case, the total 
action of fields on electrons is equivalent to a combination of 
four lenses, as is shown in the same figure. 

The first two lenses force the electrons through the apertures 
of the first anode and assure the desired control of the beam by 
the control element G. The final focusing of the beam on the 




screen is accomplished by the second pair of lenses created by 
the field between the end of the gun and the neck of the bulb. 
Thus, the final size of the spot on the screen, as in its optical 
analogue, depends chiefly on the size of the active area of the 
cathode and the optical distances between the cathode, lenses, 
and the fluorescent screen. 

The velocity of the beam is expressed by the equation 


where' v ~ beam velocity in centimeters per second and V is the 
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second anode voltage. For V — 4500 volts, as used in kinescopes, 
the beam velocity is somewhat greater than one tenth that of 
light. 

After leaving the first anode, the focused, accelerated beam 
impinges upon the fluorescent screen deposited upon the flat end 
of the conical portion of the kinescope. The fluorescent screen 
serves as a transducer, absorbing electrical energy and emitting 
light. Thus there is produced a small bright spot on the screen, 
approximately equal in area to the cross section of the beam. 
The fluorescent screen is very thin, so a large portion of the 
emitted light is transmitted outside of the tube as useful illu- 
mination. 

In order to reproduce the light intensity variations of the 
original picture, it is necessary to vary the intensity of the spot 



of light upon the fluorescent screen. This is accomplished by 
means of the control element, G, of the electron gun. For satis- 
factory reproduction, the control of the electron beam intensity 
should be a linear function of the input signal voltage. Further- 
more, it is very essential that during the exercising of this con- 
trol the sharp focusing of the spot shall not be destroyed. Still 
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another requirement is that this control will not affect the velocity 
of the electron beam because the deflection of the beam is in- 
versely proportional to its velocity, and, therefore, a slight change 
due to picture modulation would disturb the image, making the 
bright lines shorter and the darker lines longer. As a result of 
careful design, the variation of velocity of the beam (from com- 
plete cut-off to full brilliancy) in the kinescope is so small as to 
be unnoticeable to the observer of the picture. 

The characteristic curve of the kinescope is shown in Fig. 5. 
From this it will be seen that an input of 10 volts alternating 
current will give practically complete modulation (i.e., a change 
from maximum to minimum brilliancy) of the cathode ray beam. 
The shape of this curve gives the proportionality between input 
voltage and second anode current and corresponding brightness 
of the spot. (It is to be noted that the values of current, voltage, 
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illumination, etc., given on Fig. 5, and all figures in this report, 
are illustrative rather than specific values for a particular type 
of cathode ray kinescope tube.) By referring to Fig. 6, which 
shows a graph of the relation of second anode current to the 
light emitted from the fluorescent screen, it will be noted that 
a linear proportionality exists. Therefore, we can draw the con- 
clusion that a television picture, varying in shade from black 
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to white, will have accurately reproduced all the intermediate 
shadings necessary for good half-tone pictures. 

If we inspect the fluorescent spot by means of an enlarged 
photograph, we find that the light intensity is not uniform. When 
measured for a stationary spot, enlarged fifty times, the curve 
obtained from densitometer observations (see Fig. 7) shows that 
the light intensity increases toward the center of the spot. The 
actual diameter of the spot was 2 millimeters. During the scan- 
ning of a picture, when the spot is in motion, the light intensity 
per square unit of screen decreases proportionately to the scanned 
area. Therefore the edges of the spot, being less luminous, dis- 
appear and the apparent size of the spot decreases. This explains 
the fact that the diameter of the static spot is larger than the 
value calculated by dividing the picture height by the number 
of scanning lines. The photograph of the spot also shows why 
black spaces between the scanning lines of the received picture 



may be noticed upon close observation. This is caused by the 
differences in light intensity between the center and the edges 
of the spot. 

The material used for the fluorescent screen is a synthetic 
zinc orthosilicate phosphor almost identical with natural wflle- 
mite. Zinc orthosilicate phosphor was chosen because of its 
luminous efl&ciency, its short time lag, its comparative stability 
and its resistance to “burning” by the electron beam. The good 
luminous efficiency is due to the fact that the light, green in 
color, emitted by the zinc orthosilicate phosphor lies in the visible 
spectrum in a narrow band peaked at 5230A, close to the wave- 
length of maximum sensitivity of the eye (5560A) as shown in 
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Fig. 8. The luminous efficiency of incandescent tungsten lamps 
ranges from 2.5-4.0 per cent- whereas the zinc orthosilicate phos- 
phor has an efficiency of 1. 8-2.7 per cent when expressed on the 
basis of lumens per watt, assuming 690 lumens per watt as the 
maximum theoretical efficiency.® Fig. 9 shows candle power 
plotted against second anode voltage and Fig. 6 shows candle 
power plotted against current carried by the electron beam for 
the cathode excitation of zinc orthosilicate phosphor. The gen- 
eral relation between candle power, applied voltage, and current 
intensity for phosphors excited by cathode rays is given by the 
equation 

SPECTRAL DISTRIBUTION CURVES 



/ = AQ(F — Fo) 

I = the intensity of emitted light in candle power. 

A = a constant characteristic of the phosphor. 

Q = the current intensity in the beam in amperes per cm.® 
V = the applied voltage (in volts) . 

Fo = the extrapolated minimum exciting voltage (in volts) 
(a constant for each phosphor) . 

2 Forsythe and Watson, Jowr, Frank. Inst., vol. 213, no. 6; June, (1932). 

3 A. Schloemer, ‘'Kathodenoszillograph und Leuchtmasse,” Zeit. fur 
Tech. Physik, vol. 13, no. 5, (1932). 

^ Wien-Harms, "Handbuch der Experimentalphysik,” part 1, ch. 23, 

p. 158. 
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Fig. 10 shows the time decay curve of the zine orthosilicate 
phosphor luminescence. The decay curve shows that at the end 
of approximately 0.06 second practically all visible luminescence 
has ceased. For reproducing 24 pictures per second, the decay 
curve of the ideal phosphor should be long enough so that the 
phosphor just loses its effective brilliancy at the end of l/24th 
of a second. If the time of decay is too long, the moving portions 



Fig. 9 



Pig. 10 


of the picture will “trail,” as, for instance, the path of a moving 
baseball would be marked by a comet-like tail. If the time of 
decay is too short, flicker is noticeable because of the space of 
comparative total darkness between the times when the fluores- 
cent material is excited between successive pictures. 
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When the electron beam strikes the fluorescent screen, the 
screen would acquire a negative charge, which, because of the 
good dielectric properties of the phosphor, would remain on the 
surface and act as a repulsive force upon the electron beam and 
may completely repulse the beam from the screen, thus stopping 
the light emission. To remove this charge, we used to have a 
half-transparent, metallic film between the end of the kinescope 
tube and the fluorescent screen. Later, we found that a properly 
prepared phosphor emits a sufficient ratio of secondary to pri- 
mary electrons to remove the accumulated charges. The second- 
ary electrons are attracted to the high, positively-charged, metal- 
lized inner surface of the kinescope and thus the negative charge 
is carried away. Consequently, the kinescopes used in this equip- 
ment do not have transparent metallic film under the fluorescent 
screen. 

The advantages of the kinescope in television over other 
means for reassembling the picture of the receiver are : the use 
of an inertialess beam, easily deflected and synchronized at 
speeds far greater than required for television; a suflficiently 
brilliant fluorescent spot which may be viewed directly on the 
end of the tube eliminating the restricted viewing angle usually 
present in mechanical scanners; noiseless operation; and the out- 
standing feature of the flexibility of the cathode ray tube itself. 

Scanning 

The problem of picture transmission is essentially three- 
dimensional, two dimensions being required for expression of 
area, while a third is required to indicate intensity. Since a single 
radio channel is ordinarily capable of transmitting only two- 
dimensional intelligence, namely, intensity of signal and dura- 
tion of time, it is evident that the concept of area in a picture 
must somehow be effectively reduced to a succession of undimen- 
sional signals. This requirement introduces the necessity of 
scanning; that is, exploring the picture area, element by element, 
in some logical order in an interval of time so brief as not to be 
detectable by the human eye due to its persistence of vision. 

One of the simplest methods of scanning a picture is to cause 
a spot of light to sweep across it in a succession of parallel hori- 
zontal lines. The motion of the spot across the picture may be 
either unidirectional or sinusoidal. An example of the latter type 
of scanning is employed with motion picture film in the system 
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described in an earlier paper.' At the transmitter this was 
accomplished by means of a galvanometer mirror which reflected 
the scanning beam onto the continuously moving film. In the 
cathode ray receiver this kind of motion is easily duplicated by 
deflecting the beam by a magnetic field produced by a sinusoidal 
current identical with the one energizing the galvanometer. This 
was superseded by unidirectional scanning. An example of uni- 
directional motion in scanning is that produced by the Nipkow 
disk widely used in television. The disk contains a single row 
of holes equally spaced around the circumference, successively 
spaced at smaller distances from the center. 

The general arrangement of the transmitter used in the 



Fig. 11 

present system is illustrated in Fig. 11. The components of this 
will be explained in an accompanying paper. Light from the 
source, A, is concentrated on the disk and images of the moving 
holes are projected through the lens, L, on to the object, O, to be 
televised. By means of the mask, M, only one hole is imaged at 
a time and, therefore, the flying spot covers the object completely 
with a series of parallel lines during each revolution of the disk. 
It is evident that the motion of spot across the object is uniform 
and in one direction only. 

Light from the flying spot, reflected by the object, is gathered 
into a system of photo-electric cells and thus transformed into 

s V. K. Zworykin, “Television with cathode ray tube for receiver,” Radio 
Eng., vol. 9, no. 12, pp. 38-41; December, (1929). 
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electrical impulses. These impulses, amplified, serve to modu- 
late the output of the radio transmitter. 

In televising moving picture film, the spiral row of scanning 
holes is replaced by a circular row, the vertical component of 
scanning being supplied by motion of the film, itself, passing the 
scanning line with a constant velocity. Here, as before, the flying 
spot explores the entire picture in a series of parallel lines, the 
light being transmitted directly through the object into a photo- 
cell situated behind the film. 

In the experimental system described, the picture is made up 
of 120 lines and is transmitted at the rate of 24 per second. The 
picture has a 5-to-6 ratio of vertical to horizontal dimensions, 
and, therefore, the horizontal detail is equal to 144 lines. The 
beam traces a succession of equally spaced horizontal lines across 
the fluorescent screen, constructing the television picture in the 
identical manner that the flying spot at the transmitter has 
scanned it, beginning from the top downward and after the last, 
or 120th line, jumping back to the position at the start of a new 
picture. 

In order to scan with a cathode ray beam in this manner, two 
variable magnetic flelds are applied to the beam just as it emerges 
from the electron gun; a vertical one, pulsating 24 times per sec- 
ond, and a horizontal one, pulsating 2880 times per second. 

evB P 
^~2m 

6i = the displacement from the initial straight line. 
e = the charge on the electron. 

m = the mass of the electron. 

B = the intensity of the magnetic field. 

I = the length of path in the magnetic field. 

V = the velocity of the electron. 

(All quantities expressed in electromagnetic and c.g.s. units.) 

Si, the further displacement, during the time necessary to traverse 
the path from the magnetic field to the scTeen= evBlL/mv^. The total 
displacement is given by 

e Bl I 

5=6i- 1-52= ( — h-b) cm 

m V 2 

L = the distance from the deflecting magnetic field to the 
fluorescent screen. 
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When an electron beam passes through a magnetic field it is 
deflected in a direction normal to the magnetic lines of force 
according to the well-known equation® 

In order that the cathode beam at the receiver follow the 
unidirectional scanning at the transmitter, the variation of 
intensity of both horizontal and vertical deflecting fields plotted 
against time is of a “saw-tooth” shape, as shown in Fig. 12. Each 
cycle consists of two parts ; the first, linear with respect to time 
and lasting practically the whole cycle, and the second, or return 
period, lasting only a small fraction of the cycle. The picture 
is reproduced during the first part of the scanning period by 
varying the bias of the control element according to the light 
intensities of the transmitted picture, as described above. 

There are a number of methods that will produce “saw-tooth”- 
shaped electrical impulses. A simple one has been described in 
an earlier paper,® consisting of charging a condenser through a 



To+*.l Tirn« of On» Line- (X*-Y) a 54-7 micro »«c. or 
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Fig. 12 

current limiting device such as a saturated two-electrode vacuum 
valve and then discharging the condenser through a thermionic 
or gas-discharge tube. The practical limitation of this “saw- 
tooth” generator lies in the fact that there is no such thing as a 
completely saturated thermionic tube. Therefore, the condenser 
cannot be charged exactly linearly with time, and, consequently, 

«J. T. Irwin, “Oscillographs,” Isaac Pitman and Sons, Ltd., London, 
(1926). 
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the line reproduced on the fluorescent screen will be not exactly 
straight. 

In order to straighten the scanning lines and improve the 
quality of the reproduced picture, a more complicated circuit was 
used, involving one dynatron oscillator and two amplifying tubes, 
as shown in Fig. 13. The condenser, C, in the horizontal deflect- 
ing circuit is charged continuously through the resistance, R. 
Periodically, at the end of predetermined intervals, the condenser 
is discharged. During these intervals, the accumulated charge 
does not reach saturation value, for the time (1/2880 of a second) 
is insufficient. The vacuum tube through which the discharge 
takes place is controlled by impulses supplied from a dynatron 
oscillator having a distorted wave shape. The frequency of oscil- 



lation of the dynatron (which can be made to vary over a fairly 
wide range) is initially adjusted to approximately 2880 cycles 
per second, so that received synchronizing signals will have no 
difficulty in pulling the dynatron into step with the synchronizing 
impulses generated by the transmitter scanning disk, as ex- 
plained later. The charging and discharging of condenser, C, 
represent saw-tooth variations of potential, which, when applied 
to the grid of an amplifying tube, produce saw-tooth current 
impulses in deflecting coils connected in the plate of the amplifier. 

The vertical deflecting circuit is similar to the horizontal cir- 
cuit just described. Both vertical and horizontal deflecting sys- 
tems operate on the beam by the magnetic fields generated by 
coils placed about the neck of the cathode ray tube. 

The choice of electromagnetic defiection in preference to 
electrostatic was made more as a result of economical consider- 
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ation than mechanical choice. The kinescope for electromagnetic 
deflection is much cheaper to make than the one equipped with 
inside deflecting plates for electrostatic deflection. On the other 
hand, the electromagnetic deflecting unit itself requires more 
power and is more costly to build than the electrostatic one. The 
predominance of one or more factors depends chiefly upon the 
frequency of deflection and velocity of the beam. 

The constants of the electrical circuits for vertical and hori- 
zontal deflection are, of course, entirely different, due to the great 
difference in the operating frequencies of the two deflection 
circuits. 

Synchronization 

When both deflecting circuits are properly adjusted and syn- 
chronized with the transmitter, a pattern consisting of 120 paral- 
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lei lines is seen on the fluorescent screen. The sharpness of the 
pattern and perfection of its synchronization with the trans- 
mitter determines to a large extent the quality of the reproduced 
picture. This pattern is transformed into the picture by apply- 
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ation than mechanical choice. The kinescope for electromagnetic 
deflection is much cheaper to make than the one equipped with 
inside deflecting plates for electrostatic deflection. On the other 
hand, the electromagnetic deflecting unit itself requires more 
power and is more costly to build than the electrostatic one. The 
predominance of one or more factors depends chiefly upon the 
frequency of deflection and velocity of the beam. 

The constants of the electrical circuits for vertical and hori- 
zontal deflection are, of course, entirely different, due to the great 
difference in the operating frequencies of the two deflection 
circuits. 

Synchronization 

When both deflecting circuits are properly adjusted and syn- 
chronized with the transmitter, a pattern consisting of 120 paral- 
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lei lines is seen on the fluorescent screen. The sharpness of the 
pattern and perfection of its synchronization with the trans- 
mitter determines to a large extent the quality of the reproduced 
picture. This pattern is transformed into the picture by apply- 



Zvjorykin; Experimental Television System and Kinesoope 


ing the picture signal impulses from the transmitter to the con- 
trol element of the kinescope, so as momentarily to vary the bril- 
liancy of the spot. 

For sending sjmchronizing impulses, the transmitting scan- 
ning disk has an auxiliary row of slits, one for each scanning 
aperture. (See Fig. 14.) These slits, together with a separate 
illuminating lamp and photocell, produce impulses, one at the 
end of each line and at the end of each picture frame. The syn- 
chronizing impulses are transmitted over the picture signal 
channel. They do not interfere with the picture signals, because 
they occur at an instant when the picture actually is not being 
transmitted. 

To allow the transmission of horizontal synchronizing signals 
at a time when the beam at the receiver is returning to start a 
new horizontal trace, the generation of picture signals is cut off 
for ten per cent of the scanning time. This is done by simply 
spacing the scanning disk apertures ten per cent farther apart 
than the width of the scanned frame. Vertical synchronization 
is carried out in the same manner, synchronizing impulses for 
this purpose being transmitted at the completion of each frame. 

There is considerable advantage gained from using a syn- 
chronizing system in which the beam at the receiver is brought 
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into step with the transmitter at the end of each horizontal line 
because momentary disturbances of the nature of static do not 
appreciably affect the picture. 

It will be seen that the transmitter is modulated by picture, 
horizontal synchronizing, and vertical synchronizing signals. 
The resulting composite signal which is fed to the modulator grid, 
therefore, appears as shown in Fig. 15. A clearer view of the 
components of this composite signal can be gathered from Fig. 
16, the top curve of which represents the irregular-shaped pic- 
ture signals which are often unsymmetrical about the axis, usu- 
ally more positive than negative. Both synchronizing signals are 
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arranged to have their peaks on the negative side of the axis. 
The difference in shape of the horizontal and vertical impulses, 
of course, is due to the shape of the corresponding openings in 
the scanning disk, and this difference in wave shape is utilized 
at the receiver for the purpose of separating these two synchro- 
nizing impulses. The three signals mentioned above differ in 
frequency and in amplitude, since the horizontal synchronizing 
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impulses occur at a rate of 2880 per second, the vertical impulses 
24 times a second and the picture signals at a widely varying 
rate. The peak picture signal amplitude is carefully adjusted to 
be always less than the horizontal and vertical impulses, the 
amplitude of the latter being approximately equal. 

The separation of the three signals at the receiver is accom- 
plished by a very simple means which is described in detail in 
an accompanying paper, so that the fundamentals only will be 
mentioned here. If we trace the signals at the receiver from the 
antenna through the radio receiver and amplifier, shown in Fig. 
13, we find that they are applied to three independent units, the 
vertical deflecting system, the horizontal defiecting system, and 
the input to the kinescope. The synchronizing impulses do not 
affect the picture on the kinescope because they are transmitted 
at a time when the cathode ray beam is extinguished, that is, 
during its return period. The picture signals do not affect the 
defiecting circuits because amplitude selection is utilized; that 
is, the amplitude of the picture signals is never sufficient to affect 
the input tubes of either deflecting system. The selection between 
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vertical and horizontal synchronizing impulses is made on the 
basis of wave shape selection. A simple filter in each of the input 
circuits of the two deflecting units gives satisfactory discrimina- 
tion against undesired synchronizing impulses. The plate circuits 
of both dynatron input tubes contain circuits approximately 
resonant to the operating periods of their respective deflecting 
circuits, thus aiding in the matter of selectivity. 

When the electron beam returns to the position from which 
it starts to trace a new line, and particularly when it returns 
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from the bottom of the picture to start a new frame, an unde- 
sirable light trace, called the return line, is visible in the picture. 
To eliminate this the synchronizing impulses which are in the 
negative direction are applied to the control electrode of the 
Icinescope, so as to bias it negatively and thus eliminate the return 
line by extinguishing the beam during its return. 

To produce a picture, the intensity of light on a fluorescent 



Zworykin: Experimental Television System and Kinescope 


167 


screen is varied by impressing the picture signal on the kinescope 
control element. If the bias adjustment on the kinescope is set 
so that the picture signals have the maximum swing on the char- 
acteristic curve of the kinescope (shown in Fig. 5) a picture with 
optimum contrast is produced. The picture background, or the 
average illumination of the picture, can be controlled by the 
operator by adjusting the kinescope bias. 

Reproducing Equipment 

The arrangement of the television receiver built for these 
tests is shown in Figs. 17 and 18. The former is a photograph 
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of the chassis containing the deflecting unit and kinescope. This 
chassis slides as a unit into the cabinet. Fig. 18 is a photograph 
of the complete receiver which contains a power unit, kinescope 
unit, two radio receivers — one for picture and one for sound 
signals — and a loud speaker. 
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The reproduced image is viewed in a mirror mounted on the 
inside lid of the cabinet. In this way the lid shields the picture 
from overhead illumination. This method also affords a greater 
and more convenient viewing angle. The brilliancy of the picture 
is sufficient to permit observation without the necessity of com- 
pletely darkening the room. Since this type of television receiver 
has no moving mechanical parts it is quiet in operation. 

The operations to be performed in tuning such a receiver are 
as follows : After the power switch is turned on, the picture and 
sound receivers are tuned to their respective signals in the ordi- 
nary manner. Next, the picture “volume” control (radio sensi- 
tivity control) is increased to that point at which the picture 
locks into synchronism. Then the signal voltage (picture-fre- 
quency amplification) to the kinescope is adjusted to the best 
operating point determined by observation. The background con- 
trol is adjusted to the desired value depending upon the type of 
picture being transmitted. 



DESCRIPTION OF EXPERIMENTAL TELEVISION 
TRANSMITTING APPARATUS 

By 

R. D, Kell 

(RCA Victor Company, Inc,, Ciamden, New Jersey) 

Summary — A description is given of an experimental television trans- 
mitter. This equipment was installed in the Empire State Building and was 
used in making practical tests on an experimental television system. The 
installation included facilities for radiating sound and picture signals from 
studio and from motion picture film. The general considerations underlying 
the design and performance of television terminal and transmitting appa- 
ratus for this experimental system are reviewed. 

THEOEETICAL CONSroEEATIONS 

T he utilization of that part of the radio-frequency spectrum 
in the vicinity of 50 megacycles has removed from tele- 
vision the limitations of a narrow communication channel. 
The remaining question to be answered before an experimental 
system could be decided upon was how great a resolution of the 
picture would be practicable with the available terminal equip- 
ment. In the resolution of the picture, the limiting factor was 
found to be in the quantity of light available for scanning in the 
studio. In other words, as the picture resolution is increased with 
a corresponding decrease in the scanning spot size, the signal-to- 
noise ratio reaches a value beyond which the television signals 
are unusable. A ratio of ten to one has been found by experience 
to be about the limit of usefulness. From measurements on 48-, 
60-, and 80-line television studio pick-up equipment, it was de- 
termined that with a light source of the highest intrinsic bril- 
liancy available, the ratio of signal to noise would approach the 
limiting ratio of ten to one with 120-line mechanical scanning. 

The terminal equipment developed for use at the transmitter 
consists of the usual photo-electric tubes with their associated 
amplifiers and scanning disk, using modified forms of the con- 
ventional tsnpe. At the receiver, a special cathode ray tube re- 
places the well-known scanning disk with its associated neon 
lamp. The scanning beam is made to move across the fluorescent 
screen of the receiving tube in synchronism with the scanning 
spot at the transmitter by means of special deflecting circuits. 

Eeprinted from Proceedings of Institute of Eadio Engineers. 
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The scaBiiirig spot produced at the transmitter moves with con- 
stant velocity across the object being scanned. To produce an 
undistorted image of the object on the cathode ray tube, the 
scanning spot at the receiver must also move at constant velocity. 
After tracing a line across the screen, the beam must return 
before it can start the scanning of the next horizontal line. The 
scanning beam is often spoken of as being inertialess, which 
should allow its return across the screen in zero time. This is 
practically true, but the inertia of the deflecting circuits is such 
that approximately one tenth of the scanning time is rcQuired 
for the return of the scanning beam across the screen. To allow 
for this at the transmitter, the spacing of the apertures in the 
scanning disk is such that for ten per cent of the time there is 
no scanning spot on the object. Fig. 1 shows the useful picture 
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area plus the shaded area which is that lost due to the time 
required for the return of the scanning beam. The dimensions 
shown are in picture elements, which in the vertical direction 
corresponds with the number of horizontal scanning lines. 

The theoretical elements shown in the shaded area at the side 
of the useful picture area are to allow sufficient time for the 
horizontal return. The two lines at the bottom of the picture, 
likewise, allow sufficient time for the vertical return. The total 
theoretical number of elements which must be transmitted for 
the production of a picture of 144 X 118 or 16,992 elements, is 
found to be 120 X 158 or 18,960, which is a loss of 1968 elements 
due to the time required for the horizontal and vertical return 
of the scanning beam. The highest theoretical frequency required 
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of the system may be simply arrived at by assuming that the 
maximum frequency is produced when alternate elements are 
black. This produces 18,9604-2=9480 cycles per picture. At 24 
pictures per second, the top frequency is then 9480 X 24=227,- 
520 cycles. 

The lowest frequency that may be produced in the scanning 
of a stationary object is produced when the scanning field is half 
black and half white about a horizontal axis. For a scanning 
speed of 24 pictures per second, this lowest frequency is 24 cycles 
per second. These frequencies, 24 and 227,520 cycles, define the 
frequency band required for the production of a 120-line picture. 

The synchronizing signals, to be suflBciently accurate for a 
picture having as many as 17,000 elements, must be supplied to 
the receiver directly from the transmitter. The use of even a 
common power supply for synchronizing the transmitter and 



receiver introduces difficulties when such a great number of pic- 
ture elements are used. The horizontal synchronizing signals 
must have a frequency at least equal to the line frequency of the 
picture if the synchronizing is to be sufficiently accurate in a 
horizontal direction. A second frequency is required to frame 
the picture properly in the vertical direction. This also must be 
supplied from the transmitter. 

Because of the time required for the scanning beam to return 
across the screen at the receiver, a loss of 1968 picture elements 
per picture is unavoidable. The use of this lost time for trans- 
mitting the synchronizing signals seemed, if possible, to be the 
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most desirable solution of the problem. The system developed 
makes use of this time during which no picture is transmitted for 
the transmission of both horizontal and vertical synchronizing 
signals. The first advantage of this is that it is possible to mix 
the synchronizing and the picture signals at the transmitter, 
and utilize them for their distinctive purposes at the receiver 
without the use of filters. The second advantage is that no addi- 
tional width of frequency band is required for the synchroniza- 
tion of the picture. 

At 24 pictures per second, the vertical synchronizing signal 
is 24 impulses per second and the line frequency of a 120-line 
picture repeated 24 times per second is 120 X 24=2880 impulses 
per second. These then are the two impulse rates that must be 
transmitted to the receiver for the proper synchronizing and 
framing of the picture. The term “impulse” is used here instead 
of cycles, because the synchronizing signals are square-topped 
waves having a duration of approximately one fiftieth of their 



repetition rate. Fig. 2 shows the general shape of the impulses 
and their relation to the picture signal. These impulses are gen- 
erated at the end of each scanning line and last for 10 micro- 
seconds. They are produced by means of an auxiliary set of slits 
in the scanning disk at the transmitter through which light is 
directed into a photo-electric tube. At the end of each scanning 
of the picture, or every 24th of a second, a vertical synchronizing 
impulse, lasting for 350 microsoeonds, is produced by means of 
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a longer slit passing between the same lamp and photo-electric 
tube as used for the production of the horizontal synchronizing 
impulses. These synchronizing impulses are mixed with the pic- 
ture in such a phase that all synchronizing signals are in the same 
direction as picture signals produced by the scanning of black, 
that is, all synchronizing impulses extinguish the scanning beam 
at the receiver. The vertical synchronizing impulse causes the 
scanning beam at the receiver to start its return to the top of the 
picture for the next vertical scanning. The beam moves from 
bottom to top across the scanning area on its return path, and 
would produce a bright diagonal line across the picture if some 
means of extinguishing the scanning beam during its return path 
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were not employed. The signal produced by light passing through 
the low amplitude end of the vertical synchronizing slot serves 
this purpose, that is, it extinguishes the scanning beam until it 
has reached the top of the scanning area. During the horizontal 
return of the scanning beam it is extinguished, as no light falls 
into the picture photo-electric tube during the scanning of the 
ten per cent area at the side of the picture during which time 
the receiving beam is returning. The horizontal and vertical 
impulses are so adjusted as to have the same amplitude. Also, 
the picture signal level is maintained at such a value that it never 
exceeds the synchronizing impulses in amplitude. This allows the 
use of “amplitude selection” in the receivers to separate the syn- 
chronizing from the picture. Fig. 3 shows the condition of oper- 
ation of the final synchronizing amplifier tube in the receiver, 
for selecting between the picture and synchronizing signals by 
amplitude selection. The grid bias is adjusted to such a value 
that the picture signal causes practically no change in plate cur- 
rent, and only the synchronizing impulses are amplified. The 
selection between the horizontal and vertical synchronizing im- 
pulses depends upon the difference in steepness of the wave front 
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of the two impulses. We have termed this method of separating 
the impulses “wave front selection.” Fig. 4 shows the arrange- 
ment of the synchronizing circuits for making the selection be- 
tween the horizontal and vertical synchronizing signals. In select- 
ing the vertical impulse, the voltage across the condenser which 
is in series with a resistor is used. The values of condenser and 
resistor are such that the impedance presented by the condenser 
to the steep wave front of the horizontal synchronizing impulses 
is low, while its impedance is high to the gradual slope of the 
vertical synchronizing impulse. As a result, in the output of the 
network, the vertical impulses as applied to the vertical deflecting 
unit have approximately ten times the amplitude of the horizontal 
synchronizing impulses in the same circuit. It is important that 
the horizontal synchronizing impulses after passing through the 
selecting circuit be of such low amplitude that they do not affect 
the vertical synchronizing. If they are not sufiiciently low, the 
picture may be improperly framed on any horizontal impulses. 
The principle of the action in the network for the horizontal 
selection is the same. But in this case the voltage across the 
resistor is used to operate the deflecting circuit. No serious harm 
is done if the horizontal and vertical impulses are mixed in the 
input to the horizontal deflecting unit, because during the vertical 
s 3 Tichronizing impulse there is no picture on the receiving screen. 

Mechakical Design of Film Scannbe 

Fig. 5 is a photograph of the motion picture film scanner 
designed and constructed for our television experiments. This 
scanner consists of the conventional scanning disk having aper- 
tures equally spaced around its periphery and on equal radii. 
The apertures in the disk are illuminated by a standard motion 
picture projection arc. Fig. 6 shows the optical system employed. 
The image of the scanning aperture is focused on the film by 
means of a projection lens placed at twice its focal length from 
the disk, so that its dimensions will be the same as the aperture 
in the disk. Ordinarily, when a photo-electric tube is placed be- 
hind the film, the scanning spot which moves across the film also 
moves across the cathode of the photo-electric tube. The result 
is undesirable variations in the photo-electric current due to the 
nonuniform sensitivity of portions of the cathode. To overcome 
this difficulty, a second lens was placed behind the film in such a 
position as to image the projection lens on the photo-electric tube. 
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duced by gear backlash, mechanical vibration, and the jerky feed 
inherent with sprocket-tooth drive. In this mechanism a device 
known as an impedance roller is used for this purpose. The im- 
pedance roller consists of a flywheel attached to a roller about the 
size of a sprocket wheel. The roller is driven by the film passing 
around it and is not connected to the drive mechanism in any 
other way. The film after leaving the picture gate passes over 
the roller to the constant speed sprocket. The inertia of the roller 


Fig. 7 is a photograph showing the arrangement of the gates 
and sprockets in the motion picture scanner head. The path of 
the film is over a pull-down sprocket and through the picture gate. 
In order to insure an absolutely constant speed of film through 
the picture gate, it is necessary that some form of mechanical 
filter be provided to eliminate slight variations in speed intro- 
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serves to prevent any variations in the linear speed of the film, 
and causes the film to be drawn through the gate at an absolutely 
constant speed. The vertical framing of the picture is accom- 
plished by manually adjusting the position of the film in the 
picture gate with respect to the vertical synchronizing aperture 
so that the vertical synchronizing impulse comes just as the scan- 
ning of a picture frame is completed. To make this adjustment, 
the impedance roller next to the picture gate is moved by means 
of the framing knob so as to vary the length of the film between 
the pull-down sprocket and the picture gate. 



Fig. 8 


Tests with the ordinary 120-line scanning disk proved it to 
be large and unwieldly. As a result a disk was used having half 
the required number of apertures and driven at double speed. 
Fig. 8 is a photograph of the scanning disk. Each of the 60 square 
apertures measures 0.006 inch on a side. The chordal distance 
between apertures is 0.926 inch. This dimension is the width of 
the picture (0.875 inch) plus ten per cent. The additional ten 
per cent is to allow the scanning beam to return across the screen 
at the receiver as already described. 
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Fig. 9 is a photograph showing the arrangement of the incan- 
descent lamp and photo-electric tube used for obtaining the syn- 
chronizing signals from a second set of apertures in the disk 
having the same angular spacing as the picture scanning aper- 
tures, but on a shorter radius. The horizontal synchronizing 
apertures are 0.100 inch in length and 0.010 inch in width, while 
the vertical synchronizing slot is 2.8 inches in length and 0.100 
inch in width at its widest part. The shapes of these two types 
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of synchronizing apertures are shown in Fig. 10. An exciter 
lamp is used with a lens system arranged to place an image of 
the filament on the synchronizing apertures. 

The position of the synchronizing lamp is such that the light 
passes through the horizontal synchronizing apertures and into 
the photo-electric tube just as the corresponding picture aperture 
moves from the edge of the picture into the ten per cent area 
in which no light falls on the picture photo-electric tube. 
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Fig. 11 shows the arrangement for securing the vertical syn- 
chronizing signal. A rotating shutter containing a slot is driven 
through a gear train so that at the completion of each picture the 
aperture for producing the vertical synchronizing impulse is 
uncovered. The gearing between the scanning disk and the film 
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drive sprockets is so arranged that two revolutions of the scan- 
ning disk (the passing of 120 apertures across the film) occur 
while the film moves one frame. With the disk running at 2880 
revolutions per minute, the film runs at 24 frames per second, 
the standard sound film projection speed. A four-pole synchro- 
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nous motor operating from a 96-cycle power supply gives the 
required disk speed (2880 r.p.m.) without the use of gears 
between the disk and driving motor. 

Any fairly constant speed drive would be suitable because 
receiver synchronization depends directly upon the scanning disk 


Fig. 12 

speed; therefore, any change in speed or hunting of the scanning 
disk produces no displacemet of the received picture. This is in 
contrast with the synchronizing of two mechanical scanning de- 
vices, where for a picture of 10,000 elements or more it is very 
difficult to obtain a speed control at the receiver sufficiently 
accurate to prevent appreciable shifting of the received image, 
due to hunting. 

Mechanical Design op the Studio Scanner 
Fig. 12 is a photograph of the studio scanner. A high intensity 
arc with a condensing lens system is used to illuminate the rec- 
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tangular picture aperture. Three lenses of different focal lengths 
are mounted on the disk housing in such a way that they may be 
changed back and forth with little effort or delay during a pro- 
gram, so that a quick change in the size of the scanning field 
in the studio for the transmission of either close-ups or of scenes 



Pig. 13 


containing several persons may be secured. The complete scan- 
ner is mounted on pivots so that it may be rotated and at the same 
time tilted upward or downward, to follow action in the studio. 
Two motors supply the tilting and rotating forces through reduc- 
tion gears. These motors are both controlled by a special four- 
position toggle switch located near the monitor, so that the mon- 
itoring operator can easily keep the scanning field in the desired 
position in the studio. A duplicate toggle switch is placed in the 
studio, enabling the studio director also to control the position 
of the scaiming field if desired. 
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Studio Pick-Up Equipment 

When a picture of 17,000 elements is to be transmitted from 
a studio, the photo-electric pick-up equipment must be capable 
of: (a) As great a ratio of picture signal to noise as possible; 
(b) uniform response to light variation up to 225,000 per second; 
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Fig*. 14 

and (c) arrangement permitting satisfactory close-ups and long- 
distance views. 

For studio work spherical photo-electric tubes of caesium 
oxide, gas-filled type are used, two tubes forming a pick-up unit. 
Between each pair of photo-electric tubes is placed a shielded 
amplifier which may be seen in Fig. 13, a photograph showing 
the rear view of one of the units with the back removed. Fig. 14 
shows the arrangement of the picture amplifier. 
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The Production op the Television Signals 
The photo-electric tubes used in the studio and in the film 
scanner are gas-filled and have appreciable time lag. Fig. 15 
shows a typical frequency response curve of the tubes with 
different polarizing voltages. The response is seen to increase 



"frequency in kiloegdes per scconl 

Pig. 15 


quite rapidly with increased polarizing voltage at the lower 
frequencies, but above 60 kilocycles only a small increase in 
response is secured by increasing the polarizing voltage. The 
maximum polarizing voltage that is practicable with this type 
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of tube when working at frequencies above 200 kilocycles is 45 
volts. When sufficient light is available to secure satisfactory 
signal-to-noise ratio, an operating voltage of 22 is pi-eferable. 

The capacity across the load resistance at the input to each 
amplifier stage is very important in determining the frequency 
characteristic of the system, and must be kept as low as possible 
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if the output voltage to the amplifier is to remain practically 
constant up to 225 kilocycles. At this frequency 10 micromicro- 
farads have an impedance of only 70,000 ohms. The photo-elec- 
tric tubes in the studio pick-up units are connected directly to 
the grids of special screen-grid tubes, with the shortest possible 
connections. The photo-electric tube in the film scanner is also 
connected directly to the grid of its amplifier tube. 


Pig. 17 

The amplifiers make use of special coupling circuits to produce 
the desired frequency characteristic. The plate circuit of each 
voltage amplifier contains an inductance having a value such that 
the tube and stray capacity across the coil produce a parallel 
resonant circuit having a natural period well above the working 
range of the amplifier. This method of coupling between stages 
makes possible an amplifier having practically any desired char- 
acteristic over a wide band of frequencies. Actually the ampli- 
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fiers are designed to have a rising characteristic such that the 
response at 200 kilocycles is approximately twice that at 1000 
cycles as shown in Fig. 16. This rising characteristic compen- 
sates electrically for the decrease in light change at both the 
transmitter and receiver when the width of the detail being 
scanned approaches the width of the scanning spot. 

The amplifiers in the film scanner and in the studio pick-up 
units have an output impedance sufficiently low to allow the trans- 
mission of the signal over special low capacity cable to the con- 



trol room. The output from the ssmchronizing amplifiers on both 
the studio scanner and the film scanner are transmitted to the 
control room over low capacity cable in the same manner as the 
picture signal. 

In the control room the synchronizing signal is mixed with 
the accompanying picture signal in an arrangement.of two ampli- 
fier tubes having a common plate resistor. The synchronizing 
signal is applied to the grid of one and the picture signal to the 
grid of the other. The combined signal is then amplified to give 
approximately 2 volts (peak) across 1000 ohms, after which it 
is applied to the line amplifier. This amplifier consists of a group 
of low impedance tubes in parallel and has a voltage amplifica- 
tion of unity. Its output impedance is sufficiently low to allow 
the transmission of the television signals over special low capa- 
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city cable to the radio transmitter without objectionable attenua- 
tion of the high frequencies. Fig. 17 is a photograph showing 
the general arrangement of the amplifier racks. Fig. 18 is a 
schematic diagram showing the complete amplifier layout of the 
installation in the Empire State Building. The switching is so 
arranged that the signals from the film scanner or the studio 
may be passed through the line amplifier to the radio transmitter. 
The picture monitor may be connected to either the output of 
the picture amplifier or to a radio receiver, which makes possible 
the monitoring of the radiated signals. All speech equipment is 
arranged to be switched simultaneously with the picture signals 
so that the picture with its accompanying sound are always 
together. 

The Radio Teansmittees 

Both the picture and sound transmitters utilize quartz crystal 
oscillators driving power amplifiers through frequency doubler 
and tripler stages. The sound transmitter was modulated in its 
power amplifier stage by a class “B” modulator of conventional 
design. 

The picture transmitter was also modulated in its power 
amplifier, but the requirements were unusual in that the trans- 
mitter had to he capable of being modulated uniformly by fre- 
quencies from 24 cycles to 225,000 cycles. To accomplish this, the 
power stage was modulated by means of two UV-848 modulator 
tubes. The modulation reactors were of special design having 
very low distributed capacity. The voltage amplifiers preceding 
the UV-848 tubes have circuit constants such that practically 
constant response is obtained over the desired frequency range. 
The adjustment of the modulation at the transmitter is unusual 
in that amplitude distortion of the synchronizing signals is pur- 
posely permitted in order that these signals produce over one 
hundred per cent modulation. The polarity of modulation is such 
that the synchronizing impulses drive the plate current of the 
modulator practically to zero, causing the radio-frequency output 
to increase. So far as the radiated picture signals are concerned, 
this means the black portions of the picture correspond to an 
increase in amplitude of the radio-frequency carrier. The advan- 
tage of this method of operation is that the carrier may be driven 
to one hundred and twenty-five per cent modulation on the syn- 
chronizing impulses, thus permitting one hundred per cent mod- 
ulation for the picture signals. 



DESCRIPTION OF EXPERIMENTAL TELEVISION 
RECEIVERS 

By 

G. L. Beers 

(RCA Victor Company, Inc., Camden, New Jersey) 

Summary — Several television and sound receivers were constructed for 
use in an experimental system. The major considerations involved in the 
design of these receivers are oiitlined. Curves are shoion which illustrate the 
receiver performance characteristics. A brief discussion of some of the 
observations luhich were made during the field tests of the receivers is in- 
cluded. 

Introduction 

T he necessity for a wide communication band to realize 
even limited picture detail has brought about a consider- 
ation of frequencies above 30 megacycles per second for 
the dissemination of television programs. One of the major fac- 
tors in determining the desirability of these frequencies for tele- 
vision applications is the possibility of designing suitable receiv- 
ers for such frequencies. Experimental television and sound 
receivers have been built for these ultra-high frequencies and 
have given satisfactory results in the reception of both sound 
and television programs. It is the purpose of this paper to de- 
scribe the design of these receivers and report some of the 
observations which were obtained through their use. These re- 
ceivers were used in the general television field tests and survey 
work referred to in the first paper of this series. 

General 

When the problem of providing experimental ultra-high fre- 
quency receiving equipment capable of receiving both picture 
and sound programs was first considered, it was decided to use 
separate receivers for the sound and picture communication 
bands. The use of two receivers would provide considerably 
greater flexibility in the choice of the picture and sound carrier 
frequencies than would have been possible if a combination pic- 
ture and sound receiver had been used. The general performance 
requirements for the two receivers were as follows : 

1. The sensitivity should be sufficient under normal receiving 
conditions to reach the level where noise and interference 
becomes objectionable. 
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2. The selectivity of the receivers should be as great as con- 
sistent with the use of a reasonable number of tuned cir- 
cuits designed to pass the necessary communication bands. 

3. The fidelity of the sound receiver should be comparable 
with the fidelity of the modern broadcast radio receiver. 
The fidelity of the picture receiver should be such as to 
provide the faithful reproduction of the transmitted 
image. The maximum frequency required to reproduce 
the picture and synchronizing impulses with the television 
system in use was approximately 227,500 cycles per 
second. 

After a brief consideration of these specifications, it was evi- 
dent that the superheterodyne type of receiver was best suited to 




Fig.l 


provide the desired performance. Since both the sound and pic- 
ture receivers were to operate in the same cabinet, the tuning 
range of the picture receiver was limited to 35 to 55 megacycles 
per second, and the sound receiver from 55 to 75 megacycles per 
second. These limitations on the tuning range of the two receivers 



were imposed in order to prevent the interference which might 
result from the oscillator frequency of the one receiver being 
adjusted to a frequency in the tuning range of the other receiver. 

The schematic circuit diagrams of the picture and sound 
receivers are shown in Figs. 1 and 2. The same general design 
was employed in both the sound and picture receivers. The main 
differences between the two receivers were in the intermediate- 
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frequency and low-frequency amplifiers. These differences will 
be discussed in detail in the sections of the paper devoted to these 
amplifiers. 

Antennas 

Several types of ultra-high-frequency antennas were tested 
to determine the most suitable type for installation in the aver- 
age home. Directional antennas were the most efficient of the 
types tested, but these would be unsatisfactoiy for receiving sig- 
nals from television broadcast stations located in different direc- 
tions unless some means for rotating the antenna structure were 
provided. A vertical half-wave antenna connected directly to the 
receiver was found to be the most satisfactory in the majority 



Fig. 3 


of locations. An antenna of this type will function satisfactorily 
over a fairly wide frequency range, as indicated by the curve in 
Fig. 3. This curve shows the voltage developed across a tuned 
circuit directly connected to a half-wave vertical antenna 96 
inches long. 

A small number of homes were found where the indoor half- 
wave antenna did not intercept signals of sufficient strength to 
permit satisfactory reproduction of the television programs. At 
these locations it was necessary to erect the antenna in an un- 
shielded location, such as above the roof of the building, and 
connect it to the receiver through a transmission line. 

The field strength interference patterns encountered in the 
frequency range from 40 to 80 megacycles made it necessary to 
determine experimentally the antenna location which would pro- 
vide the greatest signal strength. An indication of these varia- 
tions in field strength is given by the contours in Fig. 4, which 
show the relation between received signal strength and antenna 
location on the ground floor of a house. A vertical half-wave 



.90 


Beers ; Experimental Television Receivers 


antenna directly connected to a tuned circuit and vacuum tube 
voltmeter was used to determine the signal strength. From the 
contours in this figure it is evident that moving the receiving 
antenna a distance of but one or two feet may change the strength 
of the received signals by several hundred per cent. These inter- 
ference patterns are functions of both the frequency on which 
the transmitter is operating and its geographical location. More 
than one antenna might, therefore, be necessary to obtain satis- 



factory results in receiving signals from a number of television 
transmitters. This requirement is not as serious as it would seem 
at first thought, since a half-wave antenna for frequencies above 
30 megacycles is small and easily erected. 

Radio-Frequency Circuits 

Two coupled tuned circuits were used in both receivers to 
transfer the received signals from the antenna to the grid of the 
first detector. The first tuned circuit was provided with suitable 
terminals so that the antenna might be connected across either a 
part or all of the tuned circuit. This tuned circuit was also pro- 
vided with a separate tuning control so that experiments with 
various antenna arrangements might be conducted. The coupling 
between the two tuned circuits was so adjusted as to provide a 
flat-topped selectivity characteristic. The self-supporting coils 
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used in these tuned circuits were one inch in diameter, wound 
with No. 10 B. & S. copper wire. The radio-frequency resistance 
of the coils was as low as permissible on the basis of the com- 
munication band which the radio-frequency circuits must pass. 
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The <aL/R ratio for the individual tuned circuits was approx- 
imately 125. Curve (a) in Fig. 5 shows the selectivity character- 
istic of a single tuned circuit at 50 megacycles. The selectivity 
characteristic of the two coupled tuned circuits is shown in curve 
(&) of the same figure. 


OSCILLATOE AND FlEST DETECTOE 
The oscillator circuit used in both the sound and picture re- 
ceivers is shown in Fig. 6 A XJY-227 tube functioned satisfac- 
torily in this circuit up to 80 megacycles. Electromagnetic coup- 
ling between the oscillator and first detector tuned circuits was 
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used to apply the desired oscillator voltage to the grid of the 
first detector which was a negatively biased UY-224 tube. Fig. 7 
shows the radio-frequency coil and tuning condenser arrange- 
ment. 

In order to prevent the necessity of frequent retuning of a 
superheterodyne receiver, it is essential that the width of the 
frequency band which the intermediate-frequency amplifier is 
designed to pass be greater than the frequency deviations of the 
oscillator. The fulfillment of this requirement may make it nec- 
essary to design the intermediate-frequency amplifier to pass a 
frequency band which is several times the width of the com- 
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munication band it is intended to amplify. This condition was 
encountered in the design of the sound receiver. The maximum 
frequency variation of the oscillator, due to temperature changes 
of the oscillator tuned circuit elements and variations in line 
voltage, was approximately 0.1 per cent. With the oscillator 
tuned to 60 megacycles, this degree of oscillator frequency in- 
stability might result in a frequency deviation as great as four 
times the width of the communication band which the sound re- 
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ceiver was required to amplify. The communication band re- 
quired for the reception of the picture signals, however, was 
several hundred kilocycles, making it unnecessary to consider the 
oscillator frequency variations in the design of the intermediate- 
frequency amplifier for the picture receiver. 

Picture Ebceiver Intermediate-Frequency Amplifier 

The wide communication band necessary to provide satisfac- 
tory reproduction of the television program required the use of 
a comparatively high intermediate frequency to obtain the de- 
sired amplification and selectivity characteristics. A high inter- 
mediate frequency was also desirable to minimize the interfer- 
ence due to a transmitter separated in frequency by twice the 
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intermediate frequency from the transmitter whose signals it 
was desired to receive. A consideration of both these factors led 
to the choice of 6 megacycles as the intermediate frequency for 
the picture receiver. The complete intermediate-frequency am- 
plifier used four transformers, each having tw'o tuned circuits so 
coupled as to give a selectivity characteristic of the desired band 
width. A damping resistor w'as used across the primary of each 
transformer to flatten the top of the selectivity characteristic. 



Pig. 8 

The two resonant circuits in each transformer were tuned by 
means of small adjustable condensers. The arrangement of the 
coils and condensers in an individual transformer is shown in 
the photograph in Fig. 8. The long, narrow transformer con- 
struction permitted the location of a tuned circuit at the top and 
bottom of each transformer, thus making possible the use of 
very short leads to the grid and plate of the associated tubes. 
The same type of metal shield was used for both the transformer 
and amplifier tube. 

The selectivity characteristic obtained from a single inter- 
mediate-frequency stage of the picture receiver is shown by curve 
(a) in Fig. 9. The over-all selectivity characteristic of the three- 
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stage amplifier is shown in curve (6) of the same figure. The 
voltage gain of this amplifier as measured from the grid of the 
first detector to the grid of the second detector was approximately 
7000. 

Sound Receiver Intermediate-Frequency Amplifier 

Both the sound and picture receivers were to operate in the 
same cabinet, and it was therefore undesirable to use the same 
intermediate frequency in both receivers because of the pos- 
sibility of coupling between the two amplifiers causing interfer- 
ence. Four megacycles was chosen as the intermediate frequency 



Pig. 11 


for the sound receivers. The intermediate-frequency amplifier 
was designed to pass a band of 50 kilocycles in order to minimize 
the effects of the oscillator-frequency variations. The sound re- 
ceiver intermediate-frequency transformers were similar in de- 
sign to those used in the picture receiver. Three transformers 
were used in the complete amplifier. The selectivity characteristic 
of an individual transformer is shown in curve (a) in Fig. 10. 
Curve (6) in the same figure shows the over-all selectivity char- 
acteristic of the complete amplifier. The voltage gain, as meas- 
ured from the grid of the first detector to the grid of the second 
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detector, was 8000. Fig. 11 shows a comparison between the 
intermediate-frequency amplifier selectivity characteristics of 
the picture receiver, the sound receiver, and a typical broadcast 
receiver. These characteristics are shown in curves (a), (b), 
and (c), respectively. 

Picture-Frequency Amplifier and Detector 

The picture-frequency system of the television receiver con- 
sisted of a negatively-biased detector and a two-stage resistance- 
coupled amplifier. The television system for which the receivers 
were designed made use of a carrier wave which was modulated 
with both picture and synchronizing impulses. The synchroniz- 
ing impulses were slightly larger in amplitude than the picture 
impulses. In order that this difference in amplitude between the 
picture and synchronizing impulses might be accentuated in the 
receiver, two separate output tubes were provided. One of these 
tubes was used to supply the picture impulses to the grid of the 
kinescope, while the other was used to impress the synchronizing 
impulses on the vertical and horizontal deflection circuits in the 
kinescope unit. The bias on the sjmchronizing output tube was 
made sufficiently negative to distort the impulses supplied to its 
grid, and thereby accentuate the difference in their amplitudes. 
The high negative bias used on the synchronizing output tube 
caused a decided reduction in amplification. In order that suffi- 
cient output might be obtained from the synchronizing output 
tube without overloading the picture output tube, the grids of 
these two tubes were connected to a tapped resistor which was 
coupled to the plate of the first low-frequency amplifier tube 
through the usual coupling condenser. The grids of the two out- 
put tubes were connected to the tapped resistor so that the im- 
pulses applied to the grid of the synchronizing output tube had 
twice the amplitude of those applied to the picture output tube. 
A potentiometer connected in the plate circuit of the picture 
output tube was used to control the amplitude of the signals 
applied to the grid of the kinescope. A potential variation of 
only ten volts on the grid of the kinescope was sufficient to pro- 
vide full modulation of this type of light source. This voltage 
could readily be obtained from a UY-224 tube, even though a 
comparatively low value of load resistance was used to obtain the 
desired frequency response characteristic. UY-224 tubes were 
likewise used for the synchronizing output tube, the first low- 
frequency amplifier and the negatively-biased detector. The over- 
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all frequency response characteristic of the complete amplifier is 
shown in curve (a) Fig. 12. 

Audio-Feequency Amplifier and Detector 

The audio-frequency system of the sound receiver was similar 
to that employed in conventional broadcast receivers. The nega- 
tively-biased XJY-224 detector was followed by a resistance- 
coupled audio-frequency stage using a UY-227 tube. This tube, 
in turn, was coupled through a transformer to the UX-210 output 
tube. The UX-210 tube was used because it minimized the power 
required from the combined socket power unit since the high 
plate potential used with this tube was also required for the 
synchronizing circuits. The frequency-response characteristic 
of the complete audio-frequency amplifier is shown in curve (&) 
of Fig. 12. A comparison between curves (a) and (6) in this 
figure shows the relative frequency characteristics of both the 
picture and sound low-frequency amplifiers. 
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Complete Receivers 

The general chassis arrangement of the picture receiver is 
shown in Fig. 13. The four metal shields in the middle of the 
chassis contain the intermediate-frequency transformers. The 
tubes are enclosed in the other shields. Fig. 14 is a photograph 
showing the bottom view of the chassis. The arrangement of the 
by-pass condensers and coupling resistors is illustrated in this 
figure. Fig. 15 shows the -general arrangement of the sound re- 
ceiver chassis. Three of the shields on this chassis contain inter- 
mediate-frequency transformers; the remainder are tube shields. 
Both receivers were mounted in the cabinet on blocks of sponge 
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rubber to prevent the vibrations from the loud speaker being 
transmitted to the receiver chassis. The plate, grid, and filament 
potentials for both receivers were supplied from the common 
socket power unit. 

At the time the receivers were designed and built, a reliable 
attenuator for ultra-high frequencies was not available for use 
in measuring the absolute sensitivity of the receivers. Field tests 
of the receivers at various locations, however, indicated that the 
sensitivity of both the sound and picture receivers was sufficient 
to reach the normal noise or interference level. The over-all 
selectivity curves of the sound and picture receivers are shown 
in Fig. 16. Curve (a) is the selectivity characteristic of the pic- 
ture receiver, and curve (b) the corresponding characteristic of 
the sound receiver. The over-all fidelity characteristics of the 
two receivers are substantially the same as the characteristics 
of their low-frequency amplifiers, as shown in Fig. 12. The 
fidelity of the picture receiver was such that the reproduced pic- 
tures were practically identical in detail with those obtained on 
the monitor unit at the transmitter. 

Obseevations on the Eeception op Television 
AND Sound Peogeams 

These experimental ultra-high-frequency picture and sound 
receivers were in use for some time, and a number of interesting 
observations were made. 

The only evidence of static which was encountered during the 
field tests was an occasional click from the loud speaker at the 
time of a lightning flash in the vicinity. No evidence of multiple 
images or fading was found. The only fluctuations in the strength 
of the received signals which were noted were due to the motion 
of objects near the receiving antenna. An automatic volume con- 
trol could compensate for these fluctuations satisfactorily if the 
minimum signal strength were sufficient to give the required 
signal-to-noise ratio. The chief source of man-made interference 
which was observed was the ignition systems of airplanes and 
automobiles. Tests which were made indicated that this type of 
interference can be greatly reduced by the use of resistors in the 
spark plug and distributor loads. At those locations where the 
field strength is weak and the receiver is located near a street 
on which there is considerable traffic, it may be desirable to erect 
the receiving antenna as far from the street as possible and 
coimect it to the receiver through a shielded transmission line. 
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The psychological effect of interference in the picture and 
sound programs is very interesting. Prior to the tests it was 
felt that for a given interference the field strength necessary to 
give a satisfactory signal-to-noise ratio would be much greater 
for the picture signals than for the sound signals, because of the 
wider communication band required for the picture signals. The 
conclusion reached by a number of observers, however, indicate 
that the effect of interference, such as that due to the ignition 
systems of automobiles, on the picture programs was not as 
serious as expected on the basis of the above assumption. In 
several instances such interference produced a more objection- 
able effect on the sound program than it did on the picture pro- 
gram. Whenever the interference was of sufficient amplitude to 
destroy the picture synchronization, it likewise prevented the 
satisfactory reception of the sound program. The effect of inter- 
ference of a temporary nature on the picture program could easily 
be avoided by glancing away from the picture. With the sound 
program, however, the only means of obtaining relief from such 
interference was either to turn off the set or turn down the 
volume control. 

In the case of the usual sound broadcast program, the listener 
can obtain some measure of enjoyment while reading or engaged 
in some other diversion. To derive any degree of pleasure from 
a television program requires the entire attention of the observer. 



THE ICONOSCOPE— A MODERN VERSION OF 
THE ELECTRIC EYE 


By 

V. K. Zworykin 

(RCA Victor Company, Inc., Camden, New Jersey) 

Summary — This paper gives a preliminary outline of work with a device 
which is tridy an electric eye, the iconoscope, as a means of viewing a scene 
for television transmission and similar applications. It required ten years 
to bring the original idea to its present state of perfection. 

The iconoscope is a vacuum device with a photosensitive surface of a 
unique type. This photosensitive surface is scanned by a cathode ray beam 
vohich serves as a type of inertialess commutator. A new principle of oper- 
ation permits very high output from the device. 

The sensitivity of the iconoscope, at present, is approximately equal to 
that of photographic film operating at the speed of a motion picture camera. 
The resolution of the iconoscope is high, fully adequate for television. 

The paper describes the theory of the device, its characteristics and 
mode of operation. 

In its application to television the iconoscope replaces mechanical scan- 
ning equipment and several stages of amplification. The whole system is 
entirely electrical without a single mechanically moving part. 

The reception of the image is accomplished by a kinescope or cathode 
ray receiving tube described in an earlier paper. 

The tube opens wide possibilities for applications in many fields as an 
electric eye, which is sensitive not only to the visible spectrum but also to the 
infra-red and ultra-violet region. 


T he idea of being able to observe far-away events is a fas- 
cinating one. A device which will enable a person to do 
so has been for centuries the dream of inventors and for 
decades the goal of earnest scientific workers. 

The goal of television is to make this dream a reality. The 
problem, however, is a diificult one and requires for its solution 
a great many component elements, most of them unknown up to 
quite recent years. 

The meaning of seeing over a great distance can be inter- 
preted as sending instantaneously a picture through this distance. 
This requires means of communication extremely rapid and free 
from inertia. The discovery of electricity and the development 
of electrical communication, therefore, laid the foundations for 
the future realization of television. 

The first step which enabled the conversion of the picture 

Eeprinted from Proceedings of Institute of Radio Engineers. 
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into electrical energy was taken by May in 1873 through the 
discovery of the photo-resistive property of selenium. Further 
advance came from Hertz fifteen years later by the discovery of 
the photo-electric effect. The succeeding years witnessed rapid 
progress in this line from the study of the effect by Hallwachs, 
Elster, Geitel, and others. 

How eagerly the experimenters were taking advantage of 
these new tools placed at their disposal is illustrated by the fact 
that the first proposal of a solution of the television problem by 
means of the selenium cell was made by Carey in 1875, or only 
two years after its discovery. Carey proposed to imitate the 
human eye by a mosaic consisting of great numbers of minute 
selenium cells. The second attempt to construct a mosaic of this 
kind with a small number of elements was made by A3Tton and 
Perry in 1877. Later in 1906 Rignoux and Fournier actually 
used a mosaic of this type to transmit simple patterns and let- 
ters. Their transmitter consisted of a checkerboard of sixty-four 
selenium cells. Each cell was connected by two wires to a cor- 
responding shutter in a similar checkerboard comprising a re- 
ceiver. The picture was projected on selenium cells, creating in 
them electric currents which, in turn, operated the shutters. The 
light from behind the shutters reproduced the picture. 

The idea of separating the picture into small elements, con- 
verting the illumination of each element into electrical current, 
and sending each through a separate wire is a good one, but leads 
to a very elaborate system. To transmit a picture of good qual- 
ity, a great many pairs of separate wires would be required, 
which, of course, is impracticable. To simplify the problem, Nip- 
kow in 1884 proposed, that instead of sending all the elements 
of the picture at once, to transmit the picture point by point, or 
to scan the picture. This proposal simplified the problem con- 
siderably, since it enabled the transmission of the picture over 
a single wire or over a single communication channel. 

The means by which this simplification was achieved, was the 
scanning disk. The introduction of the scanning disc alone, how- 
ever, did not bring the solution of the problem, due to the lack of 
some more essential elements. Almost forty years later, through 
the development of the thermionic amplifier for radio purposes 
and gas-discharge tubes, television became possible, and various 
inventors demonstrated television images transmitted by radio. 

In the next few years progress was rapid and remarkable 
results were obtained, considering the difficulties encountered 



204 


Zworykin: The Iconoscope 


during this period of development. Practically all the work was 
done with mechanical methods of scanning, using either Nipkow 
discs, polygonal mirrors, mirrored screws, etc. This involved 
purely mechanical complications in construction of sufficiently 
precise scanners, difficulties in increasing the number of picture 
elements and particularly in obtaining sufficient light. This last 
limitation actually introduced a stone wall which prevented the 
increase of the resolution of the transmitted picture to obtain 
the necessary quality and practically excluded all hope of trans- 
mitting an outdoor picture — ^the real goal of television. 

In order fully to understand the reasons for this difficulty we 
should remember that the picture in all conventional systems of 
television is scanned point by point and therefore the photosen- 
sitive element is affected by the light from a given point only 
for a very short interval of time corresponding to the time of 
illumination of one picture element. Assume for a picture of 
good quality, we desire 70,000 picture elements. For twenty 
repetitions per second, this means that the time of transmission 
of one picture element is 1/1,400,000 of a second. On the other 
hand, the output of the photocell, which goes into the amplifier 
is proportional to the intensity of the light and time during which 
the light is acting on the photocell. A brief computation shows 
how microscopic will be the output of the photocell for this num- 
ber of picture elements. If we take an average photographic 
camera with a lens r-4.5, the total light flux falling on the plate 
from a bright outdoor picture is of the order of 1/lOth of a lumen. 
Substituting a scanning disk for the plate suitable for 70,000 pic- 
ture elements and placing a photocell of 10 microamperes per 
lumen sensitivity, we will have a photo current from a single 
picture element 

^ 1 X 10-s ■ " ~ 

‘ ^ io3<^o " ^ 

The charge resulting from this current in the time of one picture ele- 
ment is 


Q le X t = 1 X 10 “ coulombs. 

1.4 X 10® 

Comparing that with a charge of one electron, e = 1.59x10 

coulombs, we see that only 63 electrons are collected during the 
scanning of one element. The amplification of such small amounts 
of energy involves practically insurmountable difficulties. If we 
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now compare this condition with that of a photographic plate 
during exposure, we shall see that the latter operates under much 
more favorable conditions since all its points are affected by the 
light during the whole time of exposure. This time for studio 
exposure is several seconds, and of the order of one hundredth 
of a second for outdoor exposures, or many thousand times 
greater than in the case of the scanned televised picture. The 
human eye, which we regard as an ideal of sensitivity, operates 
also under the same favorable condition. 



If a television system could be devised which would operate 
on the same principle as the eye, all the points of the picture 
would affect the photosensitive element all the time. Then in 
our example of a picture with 70,000 elements the photo-electric 
output for each point would be 70,000 times greater than in the 
conventional system. Since scanning is still necessary in order 
to use only one communication channel, we should have some 
means for storing the energy of the picture between two suc- 
cessive scannings of each point. 

The writer began to work on the realization of this idea 
years ago, and devised various solutions of the problem. One 
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of the solutions of this problem involved the use of a special 
cathode ray tube with a photosensitive mosaic structure applied 
on an insulated metallic plate, as shown in Fig. 1. This repre- 
sents a picture from one of the patents already issued upon one 
form of the development.^ Each element of the mosaic is a minia- 
ture photo-electric cell. The picture is projected on this mosaic, 
resulting in continuous emission of photo-electrons according to 
the distribution of light of the picture. The charge acquired by 
each element of the mosaic is released by the cathode ray beam 
once in each repetition of the picture. The resulting impulses 
were amplified and used to modulate the intensity of the cathode 
ray beam in the receiving tube, in which the picture was repro- 
duced on a fluorescent screen. 



Transmitting tubes of this type were actually built quite a 
few years ago and proved the soundness of the basic idea. Dur- 
ing the succeeding years this development was carried on in the 
Research Laboratories of the Westinghouse Electric and Manu- 
facturing Company in East Pittsburgh. 

One of the first receptions of a picture with a cathode ray 
tube was achieved in 1929, using a mechanical galvanometer for 
transmitter.^ ■ This was reported at the Rochester meeting of the 
I.R.E. in November, 1929. The next year the work was moved 
to the laboratories of RCA Victor Co., in Camden, where develop- 
ment of the cathode ray receiving system was continued, the 
pick-up being obtained with a scanning disk. This has been de- 
scribed in a series of papers in the Proceedings of the I.R.E. 

^ U. S. Patent No. 1,691,324. Issued November 13, 1928. Piled July 13, 
1925. 

“V. K. Zworykin, Radio Engineering, December, (1929). 
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In the meantime, the development of the pick-up tube was 
pushed on and the results obtained from it soon surpassed the 
results of mechanical scanning and eventually completely replaced 
it. The tube itself is called the “iconoscope” from the Greek 
word “icon” meaning an image and “scope” signifying obser- 
vation. 

To understand fully the operation of the iconoscope, it is best 
to consider the circuit of a single photo-electric element in the 
mosaic, as shown in Fig. 2. Here P represents such an element 
and C its capacity to a plate common to all elements, which here- 
after will be called the “signal plate.” The complete electrical 
circuit can be traced starting from the cathode Pa to C, then to 
resistance R, source of electromotive force B and back to the 



anode Pa- When light from the projected picture falls on the 
mosaic each element P<, emits electrons, and thus the condenser 
element C is positively charged by the light. The magnitude of 
this charge is a function of the light intensity. When the electron 
beam which scans the mosaic strikes this particular element 
PcC that element receives electrons from the beam and may be 
said to have become discharged. 

This discharge current from each element will be propor- 
tional to the positive charge upon the element and, hence, the 
discharged current will be proportional to the light intensity at 
the particular element under question. The electrical circuit 
then transforms this discharge current into a voltage signal 
across the output resistor R. 

If we plot the rise of charge of the element PcC with respect to 
time, as shown on Fig. 3, the potential will continuously increase 
due to the light of the picture. The slope of this increase or dv/dt 
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will depend only on the brightness of the particular point of the 
picture s hi n ing on this element. This linearity will be preserved 
until the saturation of the capacity C, which is so chosen as never 
to be reached at a given frequency N of repetition of the dis- 
charge. Since the scanning is constant, the interval of time, t, 
which is equal to 1/N is also constant and therefore the value of 
charge depends only on the brightness of this particular point 
of the picture. With constant intensity of the scanning beam, 
the impulse through R and consequently the voltage drop Vx 



across R is also proportional to the brightness of a given point 
of the picture. This potential Vi is the output of each single 
photo element of the iconoscope, and is applied to an amplifier. 

The above explanation is actually somewhat complicated by 
the fact that this discharging beam not only neutralizes the posi- 
tive charge of the photo-element, but charges it negatively. The 
equilibrium potential of the element is defined by the velocity of 
the beam and the secondary emission from the photo-emitting 
substance due to bombardment by the electrons of this velocity. 
This equilibrium condition in the dark, for a normal iconoscope, 
is of the order of 0.5 to 1.0 volt negative. The light causes the 
element to gain a positive charge, thus decreasing the normal 
negative charge, and the scanning beam brings it back again 
to the equilibrium potential. 
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Another complication is due to the existence, beside the dis- 
charge impulses, of a charging current of the entire mosaic due 
to light. This current is constant for the stationary picture and 
varies when the picture, or part of it, begins to move across the 
mosaic. This variation, however, is very slow and does not 
affect the amplifier which has a cutoff below 20 cycles. 

In order to compare the magnitude of this output with that 
of the conventional television system, using a perforated disk, 
under identical conditions, we shall write down the value of the 
output for the iconoscope and for the usual mechanical method. 
A typical circuit for mechanical scanning is shown in Fig. 4. 

The output of the photo-electric cell measured across the 
resistance, R, from the disc scanner is 

RX — XS 
n 

L — light flux corresponding to the total image, 

B = sensitivity of the photo element, 
n — number of picture elements, 

R = input resistance. 

Considering the time necessary to build up the picture signal, we 
have to satisfy the condition that the time constant CR oi the input 
circuit (C being the capacity of the photo element and associated cir- 
cuits to ground) should be at least equal to or less than the time of 
scanning of a picture element, 

~~ where N == number of picture frames per second. 

Nth 


or, 



from which, 

R = 

Introducing this in the expression 
we have 

L 


1 

of output 
1 


of the photo-electric cell, 


Vd= — XSX 
n 


NnC 


which shows that the output decreases as the square of the number of 
picture elements. 
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For the charge on one picture element of the iconoscope, we can 
write approximately ^ 

q = — XSXt 

n 

where t is the time during which the light shines on the element and 
which roughly equals 

1 


The output voltage from the iconoscope will be 

q where Ci is the total input capacity of iconoscope 
^ Cl and associated circuits to the ground. 


or, 


V\ 


LXS 
n X N X Cl 


The ratio between outputs from the iconoscope and disk scanner will 
be 

LXS 

nXN X Cl Cl 
rt = = n — 


n^XN XC 


or for equal output capacity 

7] = n (the number of picture elements). 


If we take the previously given number of picture elements n = 
70,000, the net theoretical gain of the mosaic system against the 
conventional system of television is equal to 70,000 times. It 
should be noted, however, that 100 per cent efficiency can hardly 
ever be attained for various reasons, but we have already achieved 
approximately 10 per cent efficiency which gives us a net gain 
of several thousand times. These several thousand times increase 
of picture signal output do not serve merely to decrease the 
necessary amplification. In the conventional television system, 
we have already pushed the amplification as far as it is possible 
from the point of view of permissible noise to picture signal 
ratio. This gain, therefore, is the only factor whereby real tele- 
vision can be achieved, if we understand by this term not only 
the transmission of a picture of limited definition under arti- 
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ficial conditions, but the actual transmission of a picture of high 
resolution under reasonable or natural conditions of illumination. 

The scanning of an object with the flying spot is not con- 
sidered in this computation, because it represents an entirely 
artificial condition and cannot be used for television pictures of 
distant objects. 

The schematic diagram of a complete electrical circuit for the 
iconoscope is shown in Fig. 5. Here the two parts of the photo 
element P, shown on Fig 2, are entirely separated. The cathodes 
are in the shape of a photosensitive mosaic on the surface of the 
signal plate and isolated from it, the anode is common and con- 
sists of a silvered portion on the inside of the glass bulb. 



The capacity C of each individual element with respect to the 
signal plate is determined by the thickness and dielectric con- 
stant of the insulating layer between the elements and the signal 
plate. The discharge of the positive charge of the individual ele- 
ments is accomplished by an electron beam originating from the 
electron gun located opposite the mosaic and inclined at 30 
degrees to the normal passing through the middle of the mosaic. 
Both mosaic and electron gun are enclosed in the same highly 
evacuated glass bulb. The inclined position of the gun is merely 
a compromise in the construction in order to allow the projec- 
tion of the picture on the surface of the mosaic. 

The resolution of the iconoscope is determined by both size 
and number of picture elements in the mosaic and size of the 
scanning electron beam. In practice, however, the number of 
individual photo elements in the mosaic is many times greater 
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than the number of picture elements, which is determined en- 
tirely by the size of the scanning spot. This is shown diagram- 
matically on Fig. 6. From the initial assumptions formulated in 
the analysis of the ideal circuit for individual elements, as shown 
on Fig. 2, we find the qualifications which should satisfy the 
mosaic for the iconoscope. These assumptions required that all 
the elements be of equal size and photosensitivity and equal 
capacity in respect to the signal plate. The fact that the explor- 
ing spot is much larger than the element modifies and simplifies 
this requirement so that the average distribution, surface sen- 
sitivity, and capacity of elements over an area of the mosaic 
corresponding to the size of the scanning spot should be uniform. 
This allows considerable tolerance in the dimensions of indi- 
vidual elements. 



The requirement of uniformity, which at first glance is quite 
difiScult to accomplish, is solved by the help of natural phenomena. 
It is known that such a common material as mica can be selected 
in a thin sheet of practically ideal uniform thickness, and it 
therefore serves as a perfect insulating material for the mosaic. 
The signal plate is formed by a metallic coating on one side of the 
mica sheet. The mosaic itself can be produced by a multitude of 
methods, the simplest of which is a direct evaporation of the 
photo-electric metal on to the mica in a vacuum. When the evapo- 
rated film is very thin it is not continuous but consists of a con- 
glomeration of minute spots or globules quite uniformly dis- 
tributed and isolated each from the other. Another possible 
method is that of ruling the mosaic from a continuous metallic 
fidm by a ruling machine. 

Although the initial method of formation of the photosen- 
sitive mosaic was the deposition of a thin film of alkali metal 
directly on an insulating plate, subsequent developments in the 
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photocell art resulted in changes in the method of formation of 
the mosaic. 

The mosaic which is used at present is composed of a very 
large number of minute silver globules, each of which is photo- 
sensitized by caesium through utilization of a special process. 



tV/tVCLCNqTH m yfHasmOMS 

Fig. 7 

Since the charges are very minute the insulating property and 
dielectric losses should be as small as possible. Mica of good 
quality satisfies this requirement admirably. However, other 
insulators can also be used and thin films made of vitreous 
enamels have proved to be entirely satisfactory. The insulation 
is made as thin as it can be made conveniently. 

The sensitivity is of the same order as that of corresponding 
high vacuum caesium oxide photocells. The same is true also of 
the color response. The spectral characteristic is shown on Fig. 
7. The cut-off in the blue part of the spectrum is due to the 
absorption of the glass. The actual color sensitivity of the photo 
elements themselves is shown as a dotted curve. 

The electron gun producing the beam is quite an important 
factor in the performance of the iconoscope. Since the resolution 
is defined by the size of the spot, the gun should be designed to 
supply exactly the size of spot corresponding to the number of 
picture elements for which the iconoscope is designed. For the 
given example of 70,000 picture elements and a mosaic plate 
about 4 inches high, the distance between two successive lines 
is about 0.016 inch and the diameter of the cathode ray spot 
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approximately half of this size. This imposes quite a serious 
problem in gun design. 

The electron gun used for this purpose is quite similar to the 
one used for the cathode ray tube for television reception or the 
kinescope, which has already been described in several papers.’' 
The components of the gun are shown in Fig. 8. It consists of an 
indirectly heated cathode, C, with the emitting area located at 



the tip of the cathode sleeve. The cathode is mounted in front 
of the aperture 0 of the controlling element G. The anode 
consists of a long cylinder with three apertures aligned on the 
same axis with cathode and control element. The gun is mounted 
in the long narrow glass neck attached to the spherical bulb 
housing the mosaic screen. The inner surface of the neck as 
well as the part of the sphere is metallized and serves as the 
second anode for the gun and also as collector for photo electrons 
from the mosaic. The first anode usually operates at a fraction 
of the voltage applied to the second anode, which is approximately 
1000 volts. 

The focusing of the electron beam is accomplished by the 
electrostatic field between elements of the gun and between the 
gun itself and the second anode. The distribution of equipotential 
lines of the electrostatic field is shown on Fig. 9. The theory of 
electrostatic focusing for this type of gun has already been 
published by the writer.® Briefly summarized, it amounts to 
the fact that a properly shaped electrostatic field acts on moving 

® V. K. Zworykin, Jmr. Frank. Inst., May, (1933). 
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electrons in the manner as a lens on a beam of light. The action 
of the field in the iconoscope gun is roughly equivalent to a com- 


SSCOf//} j9^00£ 



Pig. 9 

posite lens consisting of four glasses, two positive and two 
negative. The optical analogy is shown on the same figure. The 



Pig. 10 


actual appearance of the iconoscope is shown on Fig. 10. Its 
over-all length on this particular model is 18 inches and diameter 
of the sphere 8 inches. 
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The deflection of the electron beam for scanning the mosaic 
is accomplished by a magnetic field. The deflection coils are 
arranged in a yoke which slips over the neck of the iconoscope. 
The assembled deflecting unit is shown beside that of the tube. 
The scanning is linear in both vertical and horizontal directions 
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Fig. 11 


and is caused by saw-tooth shaped electrical impulses passing 
through the deflecting coils and generated by special tube genera- 
tors. The resultant path of the scanning cathode ray spot plotted 
with respect of time is shown on Fig. 11. The circuits for those 
generators as well as methods of synchronizing were given in 
a previous series of papers in the Proceedings.* 

Since the iconoscope is practically a self-contained pick-up 
unit, it is possible to design a very compact camera containing the 
iconoscope and a pair of amplifier stages connected with the 
main amplifier and deflecting units by means of a long cable. 
Since the camera is portable, it can be taken to any point of 
interest for the transmission of a television picture. The photo- 
graph of such a unit is shown on Fig. 12. 

The reception of images transmitted by the iconoscope is 
accomplished by means of the cathode ray receiving tube or 
kinescope. This tube was described in the writer’s earlier 
papers.®'* The picture of the tube is shown in Fig. 13. 

< Proc. I.K.E., vol. 21, pp. 1631-1706; December, 1933. 
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The complete block diagram of the circuit associated with 
the transmitting and receiving ends of the whole system is 
shown on Fig. 14. 

The main feature of this scheme, as seen from this diagram, 
is that in the whole system there are no mechanically moving 
parts and the transmission of the picture is accomplished entirely 
by electrical means. 
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From the color response curve shown on Fig. 7, it is clear 
that the iconoscope can be used not only for transmission of 
pictures in visual light but also pictures invisible to the eye in 
which the illumination is either by ultra-violet or infra-red light. 

The present sensitivity of the iconoscope is approximately 
equal to that of a photographic film operating at the speed of 
a motion picture camera, with the same optical system. The 
inherent resolution of the device is higher than required for 
70,000 picture element transmission. Some of the actually con- 
structed tubes are good up to 500 lines with a good margin for 
future improvement. 

With the advent of an instrument of these capabilities, new 
prospects are opened for high grade television transmission. In 
addition, wide possibilities appear in the application of such 
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tubes in many fields as a substitute for the human eye, or for 
the observation of phenomena at present completely hidden from 
the eye, as in the case of the ultra-violet microscope. 
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TELEVISION 

By 

De, V. K. ZWOEYKIN, E.E., Ph.D. 

Research Division, RCA Victor Company, Inc., Camden, N. J. 


Synopsis — This paper gives an outline of a new television system devel- 
oped in the laboratories of RCA Victor Company ^ in Camden, N. J. 

The system is truly electrical and employs only electronic devices, with- 
out a single mechanically moving part. 

The translation of the visual image is accomplished by means of a 
vacuum tube called the iconoscope. This tube is a virtual electric eye and 
consists of a photosensitive mosaic corresponding to the retina of the human 
eye, and a moving electron beam representing the nerve of the eye. The 
image is projected optically on the mosaic and transformed within the tube 
into a train of electrical impulses, representing the illumination of indi- 
vidual points of the image. 

The reproduction of the image is accomplished by means of another 
vacuum tube, the kinescope, which transforms the electrical impulses back 
into the variation of light intensity through the bombardment of a fluor- 
escent screen by the moving electron beam. 

The movement of the electron beams in both tubes, which is responsible 
for both transformations, is linear and divides the picture into a series of 
parallel lines. The movements are synchronized so that the instantaneous 
position of the beams with respect to a point in the picture is always iden- 
tical. The synchronization is transmitted together with the picture signals, 
and operation of the receiver is completely automatic. 

The sensitivity of the iconoscope, at the present time, is approximately 
equal to that of a photographic film operating at the speed of a motion pic- 
ture camera, permitting the transmission of outdoor scenes. The resolution 
is high, much higher than necessary for television images of the highest 
qmlity. 

The paper describes the theory of the system, its characteristics, mode 
of operation, and includes photographs of images obtained on the fluorescent 
screen of the receiver. 

Introduction 

'"rif^ELEVISION’' has become a familiar word in recent 
II times and conveys to us the idea of an artificial re- 
production of transient visual images. Since it is 
artificial, we cannot expect to have an absolutely perfect re- 
production of the original, and therefore, for better definition, 
the word *'tele vision” itself requires an additional adjective to 
identify the degree of perfection. 

It is an accepted practice in reproducing pictures in printed 
matter, such as books and newspapers, to resolve the picture into 

Reprinted from the Journal of the Franklin Institute. 
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a number of dots. The definition of the picture is then identified 
by the number of dots to a square inch. An ordinary picture may 
contain 4000 picture elements, or approximately 65 lines per 
linear inch, while for finer works a larger number is used. 
Similarly, in television, due to the requirement of transmission 
by one channel, the picture is dissected into a number of ele- 
ments, which are transmitted in succession, one element after 
another in a series of parallel lines. It has, therefore, become 
quite common to refer to the reproduction in terms of lines. 
Thus we speak of 30, 60 or 120 line television, which means that 
the whole reproduced image is composed of 30, 60 or 120 lines, 
each line varying in density throughout its length. 

The greater the detail is, the more difficult is the solution 
of the television problem; it is very important to determine 
accurately how far the compromise can be carried without 
affecting the quality of the reproduced image. In other words, 
what is the minimum number of lines in the television picture 
with which the reproduced image can be accepted as satisfac- 
tory? 

A number of excellent works have already been published 
on the subject, both from the theoretical and experimental points 
of view.^ The results of these works agree quite accurately, and 
predict that the increase in the number of lines at first gives a 
great increase in definition, then the rate of increase slows down 
and finally approaches a certain saturation value, after which a 
further increase in the number of lines gives a negligible in- 
crease in the definition of the image. 

In order to give a better idea of this relation. Fig. 1^ shows 
a comparison of four reproductions of the same picture made 
by 60, 120, 180 and 240 lines, respectively. These pictures are 
made not by television, but by special optical methods, and do 
not contain the distortions which are possible during various 
transformations involved in the process of television. Therefore, 
they should be regarded as an optimum for television reproduc- 
tion. This set of pictures indicates that for an image with a 
great deal of detail, we should regard 240 lines as a minimum. 
For a picture with less detail, these requirements can be some- 

1 William H. Wenstrom, “Notes on Television Definition,” Proceedings 
I. R. E., September, 1933, Vol. 21, No. 9, p. 1317. Seliff Hecht and Cornelis 
Verrijp, “The Influence of Intensity, Color and Retinal Location on the 
Fusion Frequency of Intermittent Illumination,” Proc. Nat. Academy of 
Science, Vol. 19, No. 5, p. 622. E. W. Engstrom, Proceedings of I. R. E., 
December, 1933. 

2 Courtesy of Mr. E. W. Engstrom. 
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Fig.l 



Fig. 2 

what lower, as can be seen clearly from Fig. 2. Both these 
examples are given for half-tone reproduction. The black and 
white picture requires approximately the same number of lines 
for the corresponding definition, as shown on Fig. 3. 
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This relation between the definition and the number of lines 
can also be shown by a curve, such as in Fig. 4.^ This curve is 
obtained theoretically from the resolution of the human eye and 
is represented by the expression, 

G — p log n, 

where G is the definition of the picture, 
n — ^the number of picture elements, 
and p — coefficient depending on the size of the picture and the 
viewing angle. 

The three curves are for three different intensities of the illumi- 
nation of a picture of 1, 10 and 100 lumens. All these relations 
are considered for a still picture. Television pictures of moving 
objects give better resolution for a smaller number of lines, due 
to the fact that television, like moving pictures, repeats many 
pictures per second. Therefore, some of the details missing in 
one image may be reproduced in others and integrated by the 
eye, as one combines the picture with a greater number of details. 

The practical difficulties in the development of a television 
system are proportional to the quantity of information to be 
transmitted and therefore increase with the increase in the 
number of picture elements. These difficulties are found not 
only in dissecting the image, but also in the amount of light 
required at the transmitter and receiver, in the construction of 
electrical circuits, and in the limitations of the electrical chan- 
nels used for transmission. 

The following table illustrates the relation between the num- 
ber of lines, number of picture elements, and maximum picture 
frequency assuming the aspect ratio of the picture as 3 to 4 
with 24 repetitions per second. 


Scanning' Lines, 

Picture Elements. 

Maximum Picture 
Frequency.* 

Maximum Picture 
Communication Band. 

60 

4,798 

63,970 

127,900 

120 

19,200 

256,000 

512,000 

180 

43,190 

576,000 

1 , 152,000 

240 

76,780 

1 , 024,000 

2 , 048,000 


s J. A. Ryftin, J. Zeitschrift fur Technische Physik, Band III, Heft 2-3, 
1933. 

* 10 per cent, is added to compensate the loss of time for synchronizing 
signals. 
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The width of communication band for pictures with over 
100 lines definition makes impossible the use of radio channels 
of frequencies utilized for sound broadcasting. The only solution 
for transmission of these pictures, therefore, lies in ultra-high 
frequencies. The communication, however, is a separate subject 
which will not be discussed in this paper. Also, it is not the 
intention of this presentation to give a history of television 
development. It is sufficient to say only that practically all the 
previous work was done with mechanical methods as a means of 
scanning or resolving the picture into picture elements for 
transmission. Likewise, mechanical methods were employed at 
the receiver to reconstruct the picture from the transmitted ele- 
ments. This involved purely mechanical complications in con- 
struction of sufficiently precise scanners, and difficulties in 
increasing the number of picture elements and particularly in 
obtaining sufficient light. This last limitation actually intro- 
duced a stone wall which prevented the increase of resolution 
in the transmitted picture necessary to obtain the desired 
quality and practically excluded all hope of transmitting an 
outdoor picture — ^the real goal of television. 

To understand the reasons for this difficulty, we should re- 
member that the picture is scanned point by point, and, therefore, 
that the photo-sensitive element is affected by the light from a 
given point only for a very short interval of time coresponding 
to the time of illumination of one picture element. Assume for 
a picture of good quality we desire 240 lines, or 76,000 picture 
elements. For twenty-four repetitions per second, this means 
that the time of transmission of one picture element is 
1/1,824,000 of a second. On the other hand, the output of 
the photocell to the amplifier is proportional to the intensity 
of the light and time during which the light is acting on the" 
photocell. A brief computation shows how microscopic will be 
the output of the photocell for this number of picture elements. 
If we take an average photographic camera with a lens F-4.5, 
the total light flux falling on the plate from a bright outdoor 
picture is of the order of 1/lOth of a lumen. Substituting a 
scanning disc suitable for 76,000 picture elements for the plate 
and using a photocell of 10 micro-amperes/lumen sensitivity, we 
will have a photo current from a single picture element 


I X -IQ-'* 
lo X 76,000 


1.3 X io““ amp. 
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The charge resulting from this current in the time of one 
picture element is 

Q = = X io< “ ^ 

Comparing that with the charge of one electron, 
e = 1.59 X lO"*® coulombs, 

we see that only 44 electrons are collected during the scanning 
of one element. The amplification of such small amounts of 
energy involves practically insurmountable difficulties. 

If we now compare this condition with that of a photographic 
plate during exposure, we will see that the latter operates under 
much more favorable conditions, since all its points are affected 
by the light during the whole time of exposure. This time for 
studio exposure is several seconds, and of the order of one 
hundredth of a second for outdoor exposures, or many thousand 
times greater than in the case of an element in the scanned 
television picture. The human eye, which we regard as an ideal 
of sensitivity, operates also under the same favorable condition. 

If a television system could be devised which would operate 
on the same principle as the eye, all the points of the picture 
would affect the photo-sensitive element all the time. Then in 
our example of a picture with 76,000 elements, the photo-electric 
output for each point would be 76,000 times greater than in the 
conventional system. Since scanning is still necessary in order 
to use only one communication channel, we should have some 
means for storing of the energy of the picture between two suc- 
cessive scannings of each point. 

The light requirement and necessity of avoiding the me- 
chanically moving parts resulted in the development of an 
entirely electrical television system, employing special electronic 
devices for both transmission and reception. 

Iconoscope 

On the transmitting end this device took the form of a virtual 
artificial electric eye. The device was named iconoscope, the 
name being derived from two Greek words signifying “image 
observer.” The photograph of this device is shown on Fig. 5. 

It consists of two principal parts enclosed in an evacuated 
glass bulb. The first part is the photo-sensitive mosaic, consist- 
ing of a metal plate covered with a great number of miniature 
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photo-electric cells, insulated from the plate and each from the 
other. The function of the mosaic is similar to that of the retina 
of the eye. It transforms the energy of the light from the 
image into electrical charges and stores them until they can be 
transformed point by point into electrical impulses and trans- 
mitted. This transformation is accomplished by an electron 
beam scanner, the nerve of this electric eye. 



Fig. 5 



To complete the analogy of the iconoscope with the human 
eye, we shall mention that it possesses an electrical memory, be- 
cause with a good dielectric the charges of the mosaic can be 
preserved for a considerable length of time. 
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To fully understand the operation of the photo-sensitive mo- 
saic of the iconoscope, it is best to consider the circuit of a single 
photo-electric element in the mosaic, as shown in Fig. 6. Here 
P represents such an element, and G its capacity to a plate com- 
mon to all the elements, which hereafter will be called the “signal 
plate.” The complete electrical circuit can be traced starting 
from the cathode Pc to C, then to resistance R, source of e.m.f . B, 
and back to the anode Pa- When light from the projected picture 
falls on the mosaic, each element Pc emits electrons, and thus 
the condenser element C is positively charged by the light. The 
magnitude of this charge is a function of the light intensity. 
When the electron beam which scans the mosaic strikes the par- 
ticular element PcC that element receives electrons from the 
beam and may be said to have become discharged. This discharge 
current from each element will be proportional to the positive 
charge upon the element. 

If we plot the rise of charge of the element PcC with respect 
to time, as shown on Fig. 7, the potential will continuously in- 
crease due to the light of the picture. The slope of this increase 
or dv/dt will depend only on the brightness of the particular 



part of the picture focused on this element. This linearity will 
be preserved until the saturation of the capacity C, which is so 
chosen as never to be reached at a given frequency N of repeti- 
tion of the discharge. Since the scanning is constant, the interval 
of time, t, which is equal to i/N, is also constant and therefore 
the value of charge depends only on the brightness of this par- 
ticular point of the picture. With constant intensity of the scan- 
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ning beam, the impulse through R, and consequently the voltage 
drop V I across R, is also proportional to the brightness of a given 
point of the picture. This potential Vi is the output of each 
single photo-element of the iconoscope, which is applied to an 
amplifier. 

The above explanation is actually somewhat complicated by 
the fact that this discharging beam not only neutralizes the 
positive charge of the photo-element, but charges it negatively. 
The equilibrium potential of the element is defined by the veloc- 
ity of the beam and the secondary emission from the photo-emit- 
ting substance due to bombardment by the electrons of this 
velocity. This equilibrium condition in the dark, for a normal 
iconoscope, is of the order of .5 to 1.0 volts negative. The light 
causes the element to gain a postive charge, thus decreasing the 
normal negative charge, and the scanning beam brings it back 
again to the equilibrium potential. 

Another complication is due to the existence, besides the dis- 
charge impulses from the individual elements, of a charging 
current due to light on the whole mosaic. This current is con- 
stant for a stationary picture but varies when the picture, or 
part of it, begins to move across the mosaic. This variation, how- 
ever, is very slow and does not aifect an amplifier which has a 
cut-off below 24 cycles. 

Fig. 8 gives an idea of conditions on the surface of the 
mosaic. Here the shaded picture represents the electrical charges 
accumulated by the individual elements of the mosaic due to 
the light of the projected image. Although the background of 
this image is of uniform density, the corresponding charges at 
a given instant are not uniform but vary, as shown on the left 
part of this picture. The highest charge occurs just before the 
exploring beam has discharged the elements. After the beam 
has passed the charge is momentarily near its equilibrium con- 
dition and begins to increase throughout the whole scanning 
period, attaining its maximum value again just before the scan- 
ning by the beam. 

The electron beam, in neutralizing the charge of a particular 
point of the picture, releases practically instantaneously the 
energy stored there during the whole l/24th of the second. 
The electrical impulse created on the opposite side of the mosaic 
energizes the amplifier. The magnitude of this impulse is greater 
than the corresponding impulse, produced by a system not utiliz- 
ing the storing effect, in ratio of time intervals during which 
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the light from the picture point acts on the photo-sensitive ele- 
ment. In this case, it is equal to the number of picture elements. 



Pig. 9 


or 76,000 times as great. This is true, assuming that the device 
has 100 per cent, efficiency. This, however, is a practical im- 
possibility due to various losses, and at the present we have to 
satisfy ourselves with only about 10 per cent, of the possible gain. 
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The schematic diagram of a complete electrical circuit for 
the iconoscope is shown in Fig. 9. Here the two parts of the 
photo-element P, shown on Fig. 6, are entirely separated. The 
cathodes are in the shape of photo-sensitive globules on the 
surface of the signal plate and insulated from it. The anode or 
collector is common and consists of a silvered portion on the 
inside of the glass bulb. 



The capacity C of each individual element with respect to 
the signal plate is determined by the thickness and dielectric 
constant of the insulating layer between the elements and the 
signal plate. The discharge of the positive charge of the in- 
dividual elements is accomplished by an electron beam originat- 
ing in the electron gun located opposite the mosaic and inclined 
at 30° to the normal passing through the middle of the mosaic. 
Both mosaic and electron gun are enclosed in the same highly 
evacuated glass bulb. The inclined position of the gun is merely 
a compromise in the construction in order to allow the projection 
of the picture on the surface of the mosaic. 

The resolution of the iconoscope is determined by both the 
size and number of picture elements in the mosaic, and the size 
of the scanning electron beam. In practice, however, the number 
of individual photo-elements in the mosaic is many times greater 
than the number of picture elements, which is determined en- 
tirely by the size of the scanning spot. This is shown diagram- 
matically on Fig. 10. From the initial assumptions formulated 
in the analysis of the ideal circuit for individual elements, as 
shown on Fig. 6, we find the qualifications which should satisfy 
the mosaic for the iconoscope. These assumptions required that 
all the elements be of equal size and photo-sensitivity and equal 
capacity in respect to the signal plate. The fact that the explor- 
ing spot is much larger than the element modifies and simplifies 
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this requirement so that the average distribution, surface sensi- 
tivity and capacity of elements over an area of the mosaic cor- 
responding to the size of the scanning spot should be uniform. 
This allows considerable tolei-ance in the dimensions of individual 
elements. 

The requirement of uniformity, which at first glance appears 
quite difiicult to obtain, is solved by the help of natural phe- 
nomena. It is known that such a common material as mica can 
be selected in a thin sheet of practically ideal uniform thickness 
and it therefore serves as a perfect insulating material for the 
mosaic. The signal plate is formed by a metallic coating on one 
side of the mica sheet. The mosaic itself can be produced by a 
multitude of methods, the simplest of which is a direct evapo- 
ration of the photo-electric metal onto the mica in a vacuum. 
When the evaporated film is very thin it is not continuous, but 
consists of a conglomeration of minute spots or globules quite 
uniformly distributed and insulated each from the other. An- 
other possible method is that of ruling the mosaic from a con- 
tinuous metallic film by a ruling machine. 

Although the initial method of formation of the photo-sensi- 
tive mosaic was the deposition of a thin film of alkali metal 
directly on an insulating plate, subsequent developments in the 
photocell art resulted in changes in the methods of formation 
of the mosaic. The mosaic which is used at present is composed 
of a very large number of minute silver globules, each of which 
is photo-sensitized by caesium through utilization of a special 
process. 

Since the charges are very minute the insulating property 
and dielectric losses should be as small as possible. Mica of good 
quality satisfies this requirement admirably. However, other 
insulators can also be used and thin films made of vitreous enam- 
els have proven to be entirely satisfactory. The insulation is 
made as thin as it can be made conveniently. 

The sensitivity of the mosaic is of the same order as that of 
corresponding high vacuum caesium oxide photocells. The same 
is true also of the color response. The spectral characteristic is 
shown on Fig. 11. The cut-off in the blue part of the spectrum 
is due to the absorption of the glass. The actual color sensitivity 
of the photo-elements themselves is shown as a dotted curve. 

The electron gun producing the beam is quite an important 
factor in the performance of the iconoscope. Since the resolution 
is defined by the size of the spot, the gun should be designed to 
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supply exactly the size of spot corresponding to the number of 
picture elements for which the iconoscope is deigned. For the 
given example of 76,000 picture elements and a mosaic plate 

about 4" high, the distance between two successive lines is about 
\ 



yvy?y£:LENQTH in ^NGSmOMS. 
Fig. 11 



.016" and the diameter of the cathode ray spot approximately 
half of this size. This imposes quite a serious problem in gun 
design. 
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The electron gun used for this purpose is quite similar to 
the one used for the cathode ray tube for television reception, 
or the kinescope, which has already been described in several 
papers.® The components of the gun are shown in Fig. 12. 
It consists of an indirectly heated cathode, C, with the emitting 
area located at the top of the cathode sleeve. The cathode is 
mounted in front of the aperture 0 of the controlling element, G. 
.The anode Ai consists of a long cylinder with three apertures 
aligned on the same axis with cathode and control element. The 
gun is mounted in the long narrow glass neck attached to the 
spherical bulb housing the mosaic screen. The inner surface of 
the neck as well as the part of the sphere is metallized and serves 
as the second anode for the gun and also as collector for photo- 
electrons from the mosaic. The first anode usually operates at a 
fraction of the voltage applied to the second anode, which is 
approximately 1000 volts. 

The focusing is accomplished by an electrostatic field set up 
by potential differences applied between parts of the electron 
gun, and between the gun itself and the metallized portion of 
the neck of the iconoscope. 

If an electron enters the field along the lines of force, its 
velocity, but not the direction of motion, will be affected. If an 
electron enters the field with velocity, V, at an angle a, as shown 
on Fig. 13, both the velocity and the direction will be affected, 
as shown by the vector diagram. In case the field is accelerating, 
the direction of motion of the electron will be bent toward the 
axis of symmetry of the field, and if the field is decelerating, the 
electron will be deflected in the opposite direction. Thus a stream 
of electrons can be made to converge or diverge. 

This interaction between the electrons and electrostatic field 
can be used to form a sort of lens, as shown on Fig. 14. The lens 
in this case is converging, but it can be changed to a diverging 
one simply by reversing the potentials. 

The same effect can be accomplished by a field produced by 
a difference in potential of two cylindrical electrodes or between 
two diaphragms. The lines of force in both cases will force the 
electrons of a beam, moving inside of these electrodes, toward 
the axis, overcoming the natural tendency of electrons to repel 
each other. This action is analogous to the focusing of light rays 
by means of optical lenses. The electrostatic lenses, however, 
have a peculiarity in that their index of refraction for electrons 

5 V. K. ZworyMn, Jour, Radio Engineering, December, 1929. 
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is not confined to the boundary between the optical media, as 
in optics, but varies throughout all the length of the electrostatic 
field. By proper arrangement of electrodes and potentials, it is 
always possible to produce a complex electrostatic lens which 
will be equivalent to either positive or negative optical lenses. 



TO THE POTENTIAL E 

Fig. 13 



The distribution of electrostatic fields in the electron gun is 
shown on Fig. 15. In this particular case, the total action of fields 
on electrons is approximately equivalent to a combination of 
two non-symmetrical lenses, as is shown in the same figure. 

The first lens forces the electrons through the aperture of 
the first anode and assure the desired control of the beam by 
the control element, G. The final focusing of the beam on the 
mosaic is accomplished by the second lens created by the field 
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between the end of the gun and the neck of the bulb. Thus, the 
final size of the spot on the mosaic, as in its optical analogue, 
depends ehiefiy on the size of the active area of the cathode and 
the optical distances between the cathode, lenses and the mosaic. 

The deflection of the electron beam for scanning the mosaic 
is accomplished by a magnetic field. The deflection coils are 
arranged in a yoke which slips over the neck of the iconoscope. 



Fig. 15 


The scanning is linear in both vertical and horizontal directions 
and is caused by saw-tooth shaped electrical impulses passing 
through the deflecting coils and generated by special tube gen- 
erators. 

From the color response curve shown on Fig. 11, it is clear 
that the iconoscope can be used not only for transmission of pic- 
tures in visible light but also for pictures invisible to the eye, 
in which the illumination is either by ultra-violet or infra-red 
light. 

The present sensitivity of the iconoscope is approximately 
equal to that of a photographic film operating at the speed of a 
motion picture camera, with the same optical system. The in- 
herent resolution of the device is higher than required for 76,000 
picture element transmission. Some of the actually constructed 
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tubes are good up to 500 lines with a good margin for future 
improvement. 

Since the iconoscope is practically a self-contained pickup 
unit, it is possible to design a very compact camera containing 
the iconoscope and a pair of amplifier stages connected with 



Fig. 16 


the main amplifier and deflecting units by means of a long cable. 
Since the camera is portable, it can be taken to any point of 
interest for the transmission of a television picture. The photo- 
graph of such a camera is shown on Fig. 16. 
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The complete block diagram of the circuit associated with 
the transmitting and receiving ends of the whole system is shown 
on Fig. 17, where the components and their location in the sys- 
tem are indicated. Naming the units in order, we have for tele- 
vision from the studio : The iconoscope camera, the picture sig- 
nal and synchronizing signal amplifiers, the control and switch- 
ing equipment, the modulating and radio transmitter equipment. 
The units comprising the television receiver are: A radio re- 
ceiver, the cathode ray unit or kinescope, and its associated hori- 
zontal and vertical deflecting equipment. 

r/?^/vsA^/rr£rjs 



Fig. 17 


The name “kinescope” has been applied to the cathode ray 
tube used in the television receiver to distinguish it from ordi- 
nary cathode ray oscilloscopes beqause it has several important 
points of difference: for instance, an added element to control 
the intensity of the beam. Figure 18 gives the general appear- 
ance of the tube which has a diameter of 9", permitting a re- 
produced image of approximately 5j4" X 6J4". The electron 
gun is quite similar to the one used for the iconoscope, except 
that it operates at a higher potential for the second anode. 

As in the latter, the gun is situated in the long, narrow neck 
attached to the large cone-shaped end of the kinescope, the inner 
surface of the cone being silvered or otherwise metallized to 
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serve as the second anode. The purpose of the second anode, 
A.2, is to accelerate the electrons emerging from the electron gun 
and to form the electrostatic field to focus them into a very 
small, threadlike beam. 

After leaving the first anode, the focused, accelerated beam 
impinges upon the fluorescent screen deposited upon the flat 
end of the conical portion of the kinescope. The fluorescent 
screen serves as a transducer, absorbing electrical energy and 
emitting light. Thus there is produced a small bright spot on 
the screen, approximately equal in area to the cross-section of 
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the beam. The fluorescent screen is very thin, so a large portion 
of the emitted light is transmitted outside of the tube as useful 
illumination. 

In order to reproduce the light intensity variations of the 
original picture, it is necessary to vary the intensity of the 
spot of light upon the fluorescent screen. This is accomplished 
by means of the control element, G, of the electron gun. For 
satisfactory reproduction, the control of the electron beam in- 
tensity should be a linear function of the input signal voltage. 
Furthermore, it is very essential that during the exercising of 
this control the sharp focusing of the spot shall not be destroyed. 
Still another requirement is that this control will not affect the 
velocity of the electron beam because the deflection of the beam 
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is inversely proportional to its velocity and, therefore, a slight 
change due to picture modulation would disturb the image, mak- 
ing the bright lines shorter and the darker lines longer. As a 
result of careful design, the variation of velocity of the beam 
(from complete cut-off to full brilliancy) in the kinescope is so 
s-mah as to be unnoticeable to the observer of the picture. 

The characteristic curve of the kinescope is shown in Fig. 19. 
From this it will be seen that an input of 10 volts A.C. will give 
practically complete modulation (i.e., a change from maximum 
to minimum brilliancy) of the cathode ray beam. The shape of 



inVolH 

Fig. 19 

this curve gives the proportionality between input voltage and 
second anode current and corresponding brightness of the spot. 
(It is to be noted that the values of current, voltage, illumina- 
tion, etc., given on Fig. 19, and all figures in this report, are 
illustrative rather than specific values for a particular type of 
cathode ray kinescope tube.) By referring to Fig. 20, which 
shows a graph of the relation of second anode current to the light 
emitted from the flourescent screen, it will be noticed that a lin- 
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ear proportionally exists. Therefore, we can draw the conclusion 
that a television picture, varying in shade from black to white, 
will have accurately reproduced all the intermediate shadings 
necessary for good half-tone pictures. 

The material used for the fluorescent screen is a synthetic 
zinc ortho-silicate phosphor almost identical with natural Wille- 
mite. Zinc ortho-silicate was chosen because of its luminous 
efficiency, its short time lag, its comparative stability and its 
resistance to “burning” by the electron beam. The good lumi- 
nous efficiency is due to the fact that the light, green in color, 
emitted by the zinc ortho-silicate lies in the visible spectrum in 
a narrow band peaked at 5230A, close to the wavelength of 
maximum sensitivity of the eye (5560A), as shown in Fig. 21. 
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Fig. 22 shows the time decay curve of the zinc-ortho-sili- 
cate luminescence. The decay curve shows that at the end of 
approximately 0.06 second practically all visible luminescence 
has ceased. For reproducing 24 pictures per second, the decay 
curve of the ideal phosphor should be long enough so that the 
phosphor just loses its effective brilliancy at the end of l/24th 
of a second. If the time of decay is too long, the moving portions 
of the picture will “trail,” as, for instance, the path of a moving 
baseball would be marked by a comet-like tail. If the time of 
decay is too short, flicker is noticeable because of the space of 
comparative total darkness between the times when the fluor- 
escent material is excited between successive pictures. 
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Scanning 

The requirement of transmitting the picture impulses through 
a single channel introduces the necessity of scanning; that is, 
exploring the picture area, element by element, in some logical 
order in an interval of time so brief as not to be detectable by 
the human eye due to its persistence of vision. 

One of the simplest methods of scanning a picture is to cause 
a spot of light to sweep across it in a succession of parallel hori- 
zontal lines. The motion of the spot across the picture may be 
either uni-directional or sinusoidal. An example of the latter 
type of scanning is employed with motion picture film in the 
system described in an earlier paper.® An example of uni-direc- 
tional motion in scanning is that produced by the Nipkow disc 
widely used in television. 

In the present system the scanning is also uni-directional 
and is accomplished by deflecting the electron beams, both of 
the iconoscope and kinescope, by means of electromagnetic fields. 
The beam traces a succession of equally spaced horizontal lines 
across the fluorescent screen, reconstructing the television pic- 
ture in the identical manner that the spot at the transmitter has 
scanned it, beginning from the top downward and after the last 
line jumping back to the position at the start of a new picture. 

In order to scan with a cathode ray beam in this manner, 
two variable magnetic fields are applied to the beam just as it 
emerges from the electron gun; a vertical one, pulsating N times 
per second, and a horizontal one, pulsating as many times faster 
as the number of lines in the picture. 

In order that the cathode beam at the receiver will follow 
the uni-directional scanning at the transmitter, the variation 
of intensity of both horizontal and vertical deflecting fields 
plotted against time is of a “saw-tooth” shape as shown in Fig. 
23. Each cycle consists of two parts; the first, linear with re- 
spect to time and lasting practically the whole cycle, and the 
second, or return period, lasting only a small fraction of the 
cycle. The picture is reproduced during the first part of the 
scanning period by varying the bias of the control element ac- 
cording to the light intensities of the transmitted picture, as 
described above. 

There are a number of methods that will produce “saw- 
tooth” shaped electrical impulses. A simple one has been de- 

sy. K. Zworykin, “Television with Cathode Bay Tube for Eeceiver,” 
Radio Eng., Vol. IX, No. 12, December, 1929, pp. 38-41. 
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scribed in an earlier paper/ consisting of charging a condenser 
through a current limiting device such as a saturated two- 
electrode vacuum valve and then discharging the condenser 
through a thermionic or gas-discharge tube. The practical limi- 
tation of this “saw-tooth” generator lies in the fact that there 
is no such thing as a completely saturated thermionic tube. 
Therefore, the condenser cannot be charged exactly linearly with 
time, and, consequently, the line reproduced on the fluorescent 
screen will be not exactly straight. 
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In order to straighten the scanning lines and improve the 
quality of the reproduced picture, a more complicated circuit was 
used, involving one dynatron oscillator and two amplifying 
tubes, as shown in Fig. 24. The condenser, C, in the horizontal 
deflecting circuit is charged continuously through the resistance, 
J2. Periodically, at the end of predetermined intervals, the con- 
denser is discharged. During these intervals, the accumulated 
charge does not reach saturation value, for the time is insuffi- 
cient. The vacuum tube through which the discharge takes 
place is controlled by impulses supplied from a dynatron oscil- 
lator having a distorted wave shape. The frequency of oscilla- 
tion of the dynatron (which can be made to vary over a fairly 
wide range) is initially adjusted approximately to the fre- 

’’V. K. Zworykin, “Television with Cathode Ray Tube for Receiver,” 
Radio Eng., Vol. IX, No. 12, December, 1929, pp. 38-41. 
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quency of the scanning of the transmitter, so that received 
synchronizing signals will have no difficulty in pulling the dyna- 
tron into step with the synchronizing impulses generated at the 
transmitter. The. charging and discharging of condenser, C, 
represent saw-tooth variation of potential, which, when applied 
to the grid of. an amplifying tube, produce saw-tooth current 
impulses in deflecting coils connected in the plate of the ampli- 
fier. 

The vertical deflecting circuit is similar to the horizontal 
circuit just described. Both vertical and horizontal deflecting 



systems operate on the beam by the magnetic fields generated 
by coils placed about the neck of the cathode ray tube. 

The choice of electro-magnetic deflection in preference to 
electrostatic was made more as a result of economical consid- 
eration than as a mechanical choice. The kinescope for magnetic 
deflection is much cheaper to make than the one equipped with 
inside deflecting plates for electrostatic deflection. On the 
other hand, the electromagnetic deflecting unit itself requires 
more power and is more costly to build than the electrostatic 
one. The predominance of one or more factors depends chiefly 
upon the frequency of deflection and velocity of the beam. 

The constants of the electrical circuits for vertical and hori- 
zontal deflection are, of course, entirely different, due to the great 
difference in the operating frequencies of the two deflection cir- 
cuits. 
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Synchronization 

When both deflecting circuits are properly adjusted and 
synchronized with the transmitter, a pattern consisting of a 
number of parallel lines is seen on the fluorescent screen. The 
sharpness of the pattern and perfection of its synchronization 
with the iconoscope determine to a large extent the quality of 
the reproduced picture. This pattern is transformed into the 
picture by applying the picture signal impulses from the trans- 
mitter to the control element of the kinescope, so as to momen- 
tarily vary the brilliancy of the spot. 

For sending synchronizing signals to the receiver, the im- 
pulses produced by the deflecting generators of the iconoscope 
are fed into the amplifier and united with the picture signals 
and, therefore, are transmitted over the picture signal channel. 
They do not interfere with the picture signals, because they occur 
at an instant when the picture is not being transmitted. 

Vertical synchronization is carried out in the same manner, 
synchronizing impulses for this purpose being transmitted at 
the completion of each frame. 

Considerable advantage is gained from using a synchronizing 
system in which the beam at the receiver is brought into step 
with the transmitter at the end of each horizontal line, because 
momentary disturbances of the nature of static do not appre- 
ciably affect the picture. 

It will be seen that the radio transmitter is modulated by 
picture, horizontal synchronizing and vertical synchronizing sig- 
nals. The resulting composite signal which is fed to the receiver’s 
modulator grid, therefore, appears as shown in Fig. 25, the top 
curve of which represents the irregular-shaped picture signals 
which are often unsymmetrical about the axis, usually more 
positive than negative. Both synchronizing signals are arranged 
to have their peaks on the negative side of the axis. The differ- 
ence in shape of the horizontal and vertical impulses, of course, 
is due to the time of duration of both signals and the resultant 
difference in wave shape is utilized at the receiver for the pur- 
pose of separating these two synchronizing impulses. The three 
signals mentioned above differ in frequency and in amplitude. 
The peak picture signal amplitude is carefully adjusted to be 
always less than the horizontal and vertical impulses, the ampli- 
tude of the latter being approximately equal. 

The separation of the three signals at the receiver is accom- 
plished by a very simple means which is described in detail in 
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another paper/ so that the fundamentals only will be mentioned 
here. If we trace the signals at the receiver from the antenna 
through the radio receiver and amplifier, shown in Fig. 24 , we 
find that they are applied to three independent units, the ver- 
tical deflecting system, the horizontal deflecting system and the 
input to the kinescope. The synchronizing impulses do not affect 
the picture on the kinescope because they are transmitted at a 
time when the cathode ray beam is extinguished, that is, during 
its return period. The picture signals do not affect the deflecting 
circuits because amplitude selection is utilized; that is, the 
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Fig. 25 


amplitude of the picture signals is never sufficient to affect the 
input tubes of either deflecting system. The selection between 
vertical and horizontal synchronizing impulses is made on the 
basis of wave shape selection. A simple filter in each of the 
input circuits of the two deflecting units gives satisfactory dis- 
crimination against undesired S3aichron;izing impulses. The 
plate circuits of both dynatron input tubes contain circuits ap- 
proximately resonant to the operating periods of their respective 
deflecting circuits, thus aiding in the matter of selectivity. 

When the electron beam returns to the position from which 
it starts to trace a new line, and particularly when it returns 
from the bottom of the picture to start a new frame, an unde- 
sirable light trace, called the return line, is visible in the picture. 
To eliminate this the synchronizing impulses which are in the 

s R. D. Kell, Proceedings !■ It. E., December, 1933. 
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negative direction are applied to the control electrode of the 
kinescope, so as to bias it negatively and thus eliminate the 
return line by extinguishing the beam during its return. 



Fig. 26 

To produce a picture, the intensity of light on a fluorescent 
screen is varied by impressing the picture signal on the kinescope 
control element. If the bias adjustment on the kinescope is set 
so that the picture signals have the maximum swing on the 
characteristic curve of the kinescope (shown in Fig. 19) a pic- 
ture with optimum contrast is produced. The picture back- 
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ground, or the average illumination of the picture, can be 
controlled by the operator by adjusting the kinescope bias. 


Fig. 29 

Reproducing Equipment 

The arrangement of the television receiver built for these 
tests is shown in Figs. 26 and 27. The former is a photograph 



Zworykin: Television 


251 


of the chassis containing the deflecting unit and kinescope. 
This chassis slides as a unit into the cabinet. Fig. 27 is a 
photograph of the complete receiver which contains a power 



Fig. 31 

unit, kinescope unit, two radio receivers — one for picture and 
one for sound signals — and a loud speaker. 
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The reproduced image is viewed in a mirror mounted on the 
inside lid of the cabinet. In this way the lid shields the picture 
from overhead illumination. This method also aifords a greater 
and more convenient viewing angle. The brilliancy of the picture 
is sufficient to permit observation without the necessity of com- 
pletely darkening the room. Since this type of television receiver 
has no moving mechanical parts, it is quiet in operation. 

The next pictures show the results obtained by means of the 
above described system. Figs. 28” and 29 show photographs 
of the fluorescent screen of the kinescope when the same pictures 
as used for Figs. 2 and 3 were being transmitted. 

Figs. 30 and 31 are actually the pictures transmitted with 
the iconoscope camera in the studio and outdoors. 

With the advent of an instrument of these capabilities, new 
prospects are opened for high-grade television transmission. 
In addition, wide possibilities appear in the application of such 
tubes in many fields as a substitute for the human eye, or for 
the observation of phenomena at present completely hidden from 
the eye, as in the case of the ultra-violet microscope. 

The writer wishes gratefully to acknowledge the untiring 
and conscientious assistance of Messrs. G. N. Ogloblinsky, S. F. 
Essig, H. A. lams, A. W. Vance and L. E. Flory, who carried 
on much of the theoretical and experimental work connected 
with the development which has been described in the foregoing, 
and whose ability was the major factor in the successful solution 
of the many problems arising in the course of this work. 


® Courtesy of Mr. R. D. Kell. 



AN EXPERIMENTAL TELEVISION SYSTEM 


By 

E. W. Engsteom 

(RCA Victor Company, Inc., Camden, N. J.) 

Summary — During the first part of 1933 a complete experimental tele- 
vision system ivas placed in operation in Camden, Neiv Jersey. Practical 
tests were made tinder conditions as nearly as possible in keeping with prob- 
able television broadcast service. Program material was obtained from 
studio pick-up and outdoor pick-tip. The outdoor pick-up was from a point 
a mile from the studio and transmitter. In addition, a studio program origi- 
nating in the Empire State Building in New York was relayed to Camden 
by radio and broadcast in Camden. The transmitter used an iconoscope as 
the pick-up element and the receiver a kinescope as the reproducing element. 

This paper is an introduction to a group of three papers which describe 
the transmitter terminal equipment and the transmitter, the New York-to- 
Camden radio relay circuit, and the receiver apparatus. 

Part I— INTEODUCTION 

A GROUP of papers has been published in these Proceedings 
describing an experimental television system on which 
^ tests were made in the metropolitan area of New York 
during the first half of 1932.^ These tests indicated many of 
the objectives for continued research in the laboratory. In order 
to make practical tests on the next stage of television research, a 
complete system was built in Camden and operated during the 
first several months of 1933. 

In the New York tests the major limitation to adequate tele- 
vision performance was the studio scanning apparatus. This con- 
sisted of a mechanical disk, flying-spot type, for an image of 
120 lines. Even for small areas of coverage and for 120 lines, 
the resulting signal amplitude was unsatisfactory. In the Cam- 
den system, an iconoscope was used as the pick-up device. The 
iconoscope and its operation have been described in the Pro- 

^ E. W. Engstrom, “An experimental television system”; V. K. Zwory- 
kin, “Description of an experimental television system and the kinescope”; 
R. D. Kell, “Description of experimental television transmitting apparatus”; 
G. L. Beers, “Description of experimental television receivers”; Proc. I.R.E., 
vol. 21, pp. 1652-1706; December, (1933) ; and L. F. Jones, “A study of the 
propagation of wavelengths between three and eight meters,” Proc. I.R.E., 
vol. 21, pp. 349-386; March, (1933). 

Reprinted from Proceedings of the Institute of Radio Engineers. 
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CEEDINGS by Zworykin.- The use of the iconoscope permitted 
transmission of greater detail, outdoor pick-up, and wider areas 
of coverage in the studio. Experience indicated that it provided 
a new degree of flexibility in pick-up performance, thereby 
removing one of the major technical obstacles to television. 

The picture characteristics for this experimental television 
system included 240-line progressive scanning, 24 frames per 
second. The choice of 240 lines was not considered optimum,^ 
but all that could be satisfactorily handled in view of the status 
of development. It is of interest to compare the resulting image 
and electrical specifications with those for the New York tests. 
These are given in Table I. 

Aspect ratio 1.33 (4X3) 

Frame repetition frequency 24 per second 

Video frequency (picture frequency) 

Assumed that each arbitrary picture element is 
square and requires one-half cycle and that 10 per 
cent of the time is required for control functions. 


TABLE I 


Scanning 

Picture 

Maximum video 

Maximum video 

lines 

element ' 

frequency 

communication 

band 

120 

19,200 

256,000 

512,000 

240 

j 70,780 

1,024,000 

2,048,000 


In the New York tests the picture and sound transmitters 
were widely separated in frequency to simplify apparatus re- 
quirements. In our analysis of television systems, it had been 
decided desirable that there be two transmitter carriers, one for 
picture and one for sound. It had further been concluded that 
the picture carrier should include the video signal, synchronizing 
impulses, etc. Thus the problem of television reproduction re- 
quires the reception and utilization of two transmitted carriers 
with their respective modulations (one for picture and control 
signals and the other for sound), without interference from 
each other and without interference from other television sta- 
tions. These considerations plus a study of station allocation in 
a national system, receiver design and tuning problems, and 
other related factors, indicated that the two carriers for one 


— a modern version of the electric 
eye, Proc. I.R.E., vol. 22, pp. 16-32; January, (1934). 

E- , ■ television image characteristics,” Proc. 

I.R.E., vol. 21, pp. 1631-1651; December, (1933). 
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station should be adjacent, their spacing being dependent upon 
image detail, and transmitter and receiver selectivity character- 
istics. For these tests it was assumed that a television channel 
for picture and sound should be 2000 kilocycles wide and that 
the picture and sound carriers should be spaced by 1000 kilo- 
cycles. This particular channel width and carrier spacing are 
not given as optimum but rather as practical limitations for the 
tests. Diagrammatically, a television channel of this type is 
shown in Fig. 1. 

47 m :. 4SMC 49Ate. SOMC J/MC. 

\*-IOOOJ(C. — 4* ZOCOKC. 4 



Pig. 1 — Over-all transmitter and receiver selectivity characteristics. 


In the Camden tests, the picture carrier was at 49,000 kilo- 
cycles and the sound carrier 50,000 kilocycles. This spacing of 
1000 kilocycles, when compared with the maximum video fre- 
quency band of Table I for 240 lines, indicates that the system 
did not permit use of the full arbitrarily assumed frequency band. 
The combined transmitter and receiver selectivity characteristic 
was such as to pass a frequency band approximately 0.6 of the 
carrier spacing and, also, in this case 0.6 of the maximum video 
frequency of Table I. 

Since the tests were essentially for the purpose of obtaining 
experience with the system fundamentals and with the terminal 
apparatus, the picture and sound transmitters had noniinal out- 
puts. The two transmitters were located in one of the RCA Victor 
buildings and the antennas on masts above the building. The 
studio and control apparatus were located in another building 
about 1000 feet direct-line distance from the building housing 
the transmitters. Most of the receiving tests were made at a 
point four miles from the transmitter. 

One of the problems in television is to provide facilities for 
program pick-up at points remote from the studio and trans- 
mitter. In this experimental system a pick-up point was located 
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approximately one mile from the studio. Here an outdoor pro- 
gram was televised and relayed to the main studio and trans- 
mitter by radio. Fig. 2 indicates the Camden system. 

Another problem in television is to tie groups of stations 
together for network service. The interconnecting link might 
either be a special land wire or radio. In this experimental sys- 



tem tests were made on radio relaying of television programs 
between New York and Camden. A program originating in the 
Empire State Building studio was transmitted by radio, relayed 
at an intermediate point, received and broadcast in Camden. 
For these tests 120-line scanning was used, since this was the 
standard for the New York equipment. Fig. 3 indicates the com- 
plete system. 

The increase of image detail (from the New York tests — 120 
to 240 lines) widened very considerably the scope of the material 
that could be used satisfactorily for programs. Experience with 
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this system indicated that even with 240 lines, for critical observ- 
ers and for much of the program material, more image detail 
was desired. The desire was for both a greater number of lines 
and for a better utilization of the detail capabilities of the sys- 
tem and lines chosen for the tests. The iconoscope type pick-up 
permitted a freedom in subject material and conditions roughly 
equivalent to motion picture camera requirements. 



As in the New York tests, much valuable experience was 
obtained in constructing and placing in operation a complete 
television system having standards of performance abreast of 
research status. Estimates of useful field strengths were formu- 
lated. The need for a high power television transmitter was 
indicated. Further studies were made of interference caused by 
automobile and airplane ignition systems. Consideration was 
given to receiver antenna problems. Technical and lay opinion 
was obtained on receiver operation, image characteristics, and 
entertainment possibilities. Some work was done on program, 
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studio, and pick-up technique. Again the tests indicated directly 
or as a result of analysis the objectives for further research. 
It is the purpose of this group of papers to describe the system, 
the experimental apparatus, and the tests that were made. The 
description is divided into three parts: the transmitter, radio 
relay circuit, and receiver. 

Acknowledgment is made to all members of the RCA organi- 
zation who participated in the work. 




AN EXPERIMENTAL TELEVISION SYSTEM 

By 

R. D. Kell, A. V. Bedpoed, and M. A. Trainer 

(RCA Victor Company, Inc., Camden, N. J.) 

Summary — A deservption is given of an experimental television pick-up 
and transmitting installation which used a special form of cathode ray tube, 
the iconosGOjje, as the signal generating device. The installation included 
facilities for remote pick-up of outdoor scenes and the relaying of p)ro grams 
by radio. The transmitted subject matter for the tests included motion pic- 
ture film, studio scenes, and outdoor scenes. Description is given of video 
frequency amplifiers having uniform frequency response from about 20 
cycles to 600,000 cycles per second. Discussions are given on several of the 
problems which arose in the use of the iconoscope. 

PART II— THE TRANSMITTER 

A fter the completion of the Empire State experimental 
television installation, work was concentrated on pro- 
^ ducing a picture containing greater detail, using the same 
type of terminal equipment. The number of scanning lines was 
increased from 120 to 180. This number of lines gave a television 
signal having a satisfactory signal-to-noise ratio only when mo- 
tion picture film was scanned. The light obtainable in the studio 
was of too low a value to be usable. 

The results indicated that the iconoscope offered the most 
satisfactory solution of the problem of increased detail. Due to 
its mode of operation, as has already been explained,^ the sen- 
sitivity of the iconoscope was sufficient to allow a further in- 
crease in the number of scanning lines. With considerable 
increase in detail, there was still sufficient sensitivity to make 
possible the use of the camera with light conditions suitable for 
a regular motion picture camera. This device also gave television 
the hoped-for freedom of operating conditions. It has made pos- 
sible the broadcasting of outdoor events as well as studio scenes. 

Early preliminary tests with the iconoscope had indicated 
that the resolution of the system was no longer limited by the 
television elements. Strictly speaking, these elements are only 
the kinescope and iconoscope ; the resolution of each is consider- 

ly. K. Zworykin, “The iconoscope — A modern version of the electric 
eye,” Peoc. I.R.E., vol. 22, no. 1, pp. 16-32; January, (1934). 

Reprinted from Proceedings of the Institute of Radio Engineers. 
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ably greater than could be transmitted through the remainder 
of the system. In using film transmission of 180 lines, all com- 
ponent parts had been designed to pass the top theoretical fre- 
quency of 500 kilocycles. Without major changes, it was found 
possible to extend this range to 600 kilocycles. 

The conventional method of calculating the maximum video 
frequency required for a given number of lines is as follows : 

f=^a?Rn or a = y/2f/nR 

where / is the maximum frequency in cycles, a is the number of 
scanning lines, n is the frame repetition frequency, and R is the 
aspect ratio of the picture. This equation gives the fundamental 
frequency which would be generated by scanning a pattern com- 
posed of alternate black and white vertical bars in which each 
bar has a width equal to the line pitch. The line pitch is the dis- 
tance between centers of adjacent scanning lines. A system 
capable of transmitting the maximum frequency given by this 
equation and having a scanning spot of diameter no greater than 
the line pitch, would resolve the bars in so far as peaks of black 
and white are concerned. This would hold for any horizontal 
displacement of the test pattern. With the same test pattern in 
a horizontal position so that the bars lie along the scanning lines 
and with the bars and lines coinciding, proper resolution is 
again obtained. If the pattern is now moved vertically a dis- 
tance equal to half the line pitch — due to each line covering half 
of a white bar and half of a black bar — ^no signal will be gener- 
ated and the resolution will be zero regardless of the frequency 
band the system is capable of transmitting. For intermediate 
positions of the pattern, the resolution will vary gradually from 
100 per cent to zero. 

It is axiomatic that for best resolution of random picture 
subject matter, equal resolution should be obtained along all 
axes. The equation given above fails to fill this demand for at 
least two axes at right angles to one another, using even the 
basic test pattern upon which the equation is founded. Analyses 
for other axes are difficult but observations indicate that they 
would generally support the same conclusion. Therefore, the 
above equation makes the number of scanning lines too low to 
secure the maximum amount of detail in a given video frequency 
band width. 

In television we are not interested in viewing uniform bars 
in various positions, any more than we wish to listen to sine 
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waves of sound, but such bars and waves are considered best for 
analytical purposes. Tests made with a calibrated resolution 
pattern projected upon the plate of the iconoscope and with a 
variable number of scanning lines showed the resolution to be 
substantially equal along horizontal and vertical axes when the 
number of scanning lines, a, was approximately 1.25 times that 
calculated by the equation given above. This justifies the intro- 
duction of an additional constant, k, making the formula 

f—\a^Rnk or a = ^2S/nRk 

where k equals 1/ (1.25) ^ or 0.64. From the above corrected equa- 
tion the 600-kilocycle channel is found to give equal vertical and 
horizontal detail when 240 lines are used at a repetition rate of 
24 pictures per second. With this number of scanning lines a 



Fig. 1 


complete television installation was made having facilities for 
transmitting studio, film, and outdoor scenes. The method of 
synchronizing the transmitter and receivers was the same as pre- 
viously described.^ Impulses having an amplitude greater than 
the picture signal were transmitted at the end of each scanning 
line and at the end of each frame. 

* E. D. Kell, “Description of experimental television transmitting ap- 
paratus,” Peoc. I.E.E., vol. 21, no. 12, pp. 1673-1691; December, (1933). 
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The relationship of the major components of the installation 
is shown in the block diagram, Fig. 1. The film and studio 
cameras are practically identical. In the film camera a motion 
picture projector was used to project the image upon the icono- 
scope plate, while in the studio camera a photographic lens 
formed the image of the scene to be transmitted on the icono- 
scope plate. Fig. 2 is a photograph showing the general appear- 



Fig. 2 

ance of a studio camera. Fig. 3 shows the general arrangement 
of parts in the camera. The partition (a) through the center is 
an electrostatic shield separating the video frequency amplifier 
from all other voltages applied to the iconoscope. This shielding 
is quite essential due to the magnetic and electrostatic fields 
around the deflecting coils and plates. The deflecting coils for 
causing the scanning beam to move vertically are seen at ( 6 ) . 
The deflecting plates for causing the beam to move horizontally 
are not visible in the photograph. They are mounted directly on 
the electron gun structure. The leads from the plates are brought 
out through the base with the other voltage leads. 
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Fig. 4 

to be transmitted to the control room through a con- 


quencies . 

siderable length of special cable. A section of this cable is shown 
in Fig. 4. It consists of a shielded flexible insulating tube con- 
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tainin^ a single conductoi' for carrying the video frequencies. 
Since the capacity of a concentric cable is dependent upon the 
ratio of the diameters of the two conductors, the inner conductor 
of the cable was made as small as physically practical and the 
flexible tube was made as large as convenient for handling. All 
other -amplifier voltages are carried by the conductors fitted 
around the central tube. An external shield and braid complete 
the cable. A similar cable is used to supply all deflecting and 
operating voltages for the iconoscope. The horizontal deflecting 
voltage is supplied through the central conductor in this cable. 




(^) (C) td.) 


Fig. 6 

The circuits for causing the electron beam of the iconoscope to 
scan the photo-electric mosaic plate are similar to those used for 
deflecting the beam of the receiving kinescope, the greatest dif- 
ference being due to the fact that the mosaic plate is not at right 
angles to the electron gun. 

Since the scanning beam and the optical image strike the 
same side of the iconoscope mosaic, it is impractical for the axis 
of both the electron gun and the lens to be at right angles to the 
mosaic plate. The use of standard lenses requires that the plate 
be perpendicular to the optical axis of, the lens. This requires 
that the scanning beam strike the plate at an angle. An out- 
line of an iconoscope is shown in Fig. 5(a). 

If the iconoscope is subjected to the regular scanning a “key- 
stone” shape pattern will be formed due to the longer beam path 
to the top of the mosaic plate as shown in Fig. 5(6). The deflect- 
ing means serve only to vary the direction of travel of the elec- 
tron scanning beam. Hence, the amplitude of the deflection at the 
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plate depends upon the distance from the deflecting means to the 
plate. In order to scan a rectangular area, Fig. 5(cZ), on the 
iconoscope plate and avoid distortion of the transmitted picture, 
it is necessary to deflect the beam by the scanning action in such 
a way that if it fell upon a plate at right angles to the average 
axis of the beam, it would scan a pattern such as Fig. 5(c). The 
required horizontal scanning voltage w^ave is obtained by modu- 
lating the horizontal saw-tooth in amplitude by the vertical saw- 

VERTICAL sawtooth HOR. IMPULSE DISCHARGE MODULATED SAWTOOT 

AMPLIflER INPUT TUBE AMPLIFIER 



Z4- C.PS. MODULATING WAVE 



'^5760 C.P5. modulated WAVE 


Fig. 6 

tooth wave. The modulation requirements are unusual in that, 
to produce a symmetrical scanning pattern, the modulated hori- 
zontal saw-tooth wave must contain no component of the vertical 
saw-tooth wave. Furthermore, the modulated wave must re- 
tain a good saw-tooth (or triangular) wave shape throughout 
its cycle of modulation. Due to the very extended range of har- 
monics and the precise phase relations required to form a good 
saw-tooth wave, wave filters have been found to be of little aid 
in the problem of separating the modulating and modulated 
waves after they are once mixed. It has been found much easier 
to guard against any mixing of the waves in the modulating 
process, by using a special type of balanced modulation. 

A circuit arrangement for accomplishing this is shown in Fig. 
6. The horizontal deflecting circuit makes use of a condenser C 
charged through a high resistance r and intermittently dis- 
charged by a four-electrode vacuum tube Fi. This arrangement 
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produces a saw-tooth wave of voltage across the condenser C 
which is amplified and applied to the deflecting plates. During 
the vertical scanning cycle, the amplitude of the condenser 
charges on the condenser C in the horizontal deflecting circuit is 
decreased at a constant rate by decreasing the supply voltage to 
the charging resistor, r, by means of a vertical saw-tooth of volt- 
age. To maintain the discharge always equal to the charge, the 
control-grid or the screen-grid voltage of Vi is also varied in 
exact proportion by means of the vertical saw-tooth of voltage. 
The combined action of these two vertical saw-tooth voltages on 
the horizontal saw-tooth generating circuit is to produce the 
desired amplitude modulation of the horizontal deflection of the 
scanning beam. 

As previously mentioned, the resolution of the iconoscope is 
considerably better than the rest of the system is capable of 
transmitting. As a result of this, it is possible to scan an area 
considerably smaller than the full size of the iconoscope plate 
before the resolution of the iconoscope becomes the limiting fac- 
tor. This makes possible an unusual flexibility in the use of the 
camera. By changing the horizontal and vertical scanning ampli- 
tudes simultaneously, the effect of moving the camera forward 
or away from the subject is obtained without physically moving 
the camera. By adjusting the position of the scanning pattern 
to various sections of the mosaic, the effect of turning the camera 
may also be obtained. This shifting of the scanned area with 
respect to the entire area of the mosaic is accomplished by intro- 
ducing direct-current components into the saw-tooth deflecting 
circuits. The combined result of these two controls makes pos- 
sible various effects; for example, first showing a close-up of a 
person, moving slowly away to take in the full scene, and again 
moving forward to a close-up of another person; all this apparent 
movement of the camera being accomplished by purely electrical 
means. 

The principles of operation of the iconoscope have already 
been discussed and will only be outlined here. The picture signal 
generated by the iconoscope is produced by the electron beam 
discharging the elemental condensers forming the surface of 
the mosaic. The current released as a signal at any picture ele- 
ment is a function of the illumination of the point under scan- 
ning and also upon the time the scanning beam covers the ele- 
mental picture area. In other words the signal generated is not 
only a function of illumination but also a function of the velocity 
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of the scanning beam. This means that to produce a picture sig- 
nal which is truly representative of the light values of the picture, 
the velocity of the scanning beam must be constant. By care- 
ful design of the circuits for deflecting the scanning beam, this 
has been practically accomplished during the actual picture 
scanning time. But during the reversal and return of the scan- 
ning beam the velocity cannot be constant and undesirable signals 
are generated. The total signal generated has the general appear- 
ance of that shown in Fig. 7 (a). The undesired signal generated 
during the reversal and return of the scanning beam may have 
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Fig. 7 


an amplitude of several times the useful picture signal and, of 
course, it must be removed from the final transmitted television 
signal. To do this a square wave shaped signal generated by the 
disk that produces the synchronizing impulses is introduced into 
the amplifier. The wave shape of this signal is shown in Fig. 
7(6) . The amplitude of the signal is such that the white parts 
of the undesired signal are shifted with respect to the axis to a 
point that corresponds to black, as shown in Fig. 7 (c) . The pic- 
ture frequency amplifier is so arranged that this combined signal 
is of such a polarity and amplitude that the undesired signal 
swings the grid of an amplifier tube beyond cut-off. The result 
is a signal in which the amplitude of the blanked-out section is, 
for practical purposes, a constant with respect to the axis, as 
shown in Fig. 1 id). 

Fig. 8 is a photograph of an electrical impulse signal gener- 
ator. A disk containing two circular rows of apertures is driven 
by a motor at 1440 revolutions per minute or 24 revolutions per 
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second. An illuminated optical slit is imaged on each of the two 
rows of apertures. Behind each row is a phototube with its asso- 
ciated amplifier. One set of apertures is of sufficient width to 
generate the wave which blanks out the amplifier signal during 
the return line time of the iconoscope horizontal scanning beam. 
These are the impulses used to remove all extraneous signals, 
as previously described. They occupy a time equal to 10 per cent 
of the horizontal scanning cycle. The vertical impulse is suffi- 
ciently long to produce a black signal for a time interval slightly 
longer than the vertical return line time on the kinescope. This 



Fig. 8 


serves to extinguish the kinescope scanning beam during its 
vertical return across the screen. 

The synchronizing impulses are generated by the light pass- 
ing through the second set of apertures in the disk. These signals 
are introduced into the amplifier after the signal level for black 
has been set by the cut-off action of the amplifier. They are so 
phased that they occur at the beginning of the blank or black sec- 
tions. Since all signals generated in the iconoscope pass through 
the limiting tubes that remove the undesired signals, it is impos- 
sible for any picture signal to become of such an amplitude as to 
interfere with the proper synchronization of the receivers. Fur- 
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thermore, since the synchronizing impulses are superimposed 
upon the blank sections or “pedestals,” the height of the synchro- 
nizing impulses will remain constant, thus facilitating the use of 
amplitude separation of synchronizing signals from the picture 
signals at the receiver. The appearance of a complete signal as 
viewed on an oscilloscope is shown in Fig. 9. 
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The peak signal obtained directly from the iconoscope is 
approximately 0.001 volt across 10,000 ohms. With this input, 
an amplifier having a voltage gain of 2000 is suflicient to supply 
signal at a two-volt level. A typical amplifier stage is shown in 
Fig. 10. The response of the amplifier at the high frequencies is 
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equalized by placing a small inductance L in series with each 
plate resistor R. The value of the inductance for a given circuit 
may be determined by a very simple rule which gives a flat ampli- 
fier characteristic and negligible phase distortion. The plate 
resistor in an amplifier stage should be equal in ohms to the effec- 
tive reactance of the tube and distributed capacity C,,/ at the 
highest frequency which it is desired to pass. The reactance of 
the inductance in the plate circuit at this frequency should be 
equal to one-half the value of the plate resistor. In order to 
obtain a flat frequency response at the low frequency end, plate 
filters are used. Each plate supply is filtered through a resistor 
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Rf by-passed by a condenser C/. The circuit constants are so 
selected that, as the reactance of the coupling condenser between 
stages rises as the signal frequency is lowered, tending to cause 
a loss in voltage applied to the grid of the following stage, the 
reactance of the by-pass condenser on the plate filter rises, in- 
creasing the effective plate circuit impedance. This balance of 
constants makes possible not only a flat frequency response but 
a response free from phase distortion at the lowest desired fre- 
quency. A frequency response curve of the complete picture 
amplifier is shown in Fig. 11. 

Fig. 12 is a view of the main television signal control room. 
These racks contain the circuits for amplifying and mixing the 
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picture signals, blanking signals, and synchronizing impulses. 
They contain the deflecting and control circuits for both studio 


Fig. 12 

and motion picture iconoscope, a monitor for checking the opera- 
tion of the system, and all switching facilities to change the 
input to the radio transmitter from studio to motion picture or 
to the radio receiver used to receive the signals from a remote 
pick-up point. All sound circuits are also provided in these 
racks. 

The video frequency signal generated in this portion of the 
system is at a level of approximately two volts across 30 ohms. 
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The low impedance output is such as to match the impedance of 
a special cable. This cable carries the signal underground from 
the control room to the radio transmitter, a cable distance of 
1500 feet. Fig. 13 shows the frequency response of this cable 
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before and after equalization. In order to make the switching 
of the output of the video frequency amplifier practicable, it 
was necessary to prevent the direct current from flowing through 
the cable. This requirement made capacity coupling into the 
cable necessary. 

Since the line impedance and distant termination were only 
30 ohms, the problem of coupling into such a low impedance was 
unusual. The circuit arrangement is* shown in Pig. 14. Here 
again the filter in the plate circuit was made to have such a 
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value that, as the drop across the coupling condenser increases 
with decreasing frequency, the impedance in the plate circuit 
also increases, maintaining the voltage across the cable a con- 
stant. Even with this circuit arrangement it was necessary 
to use coupling and filter condensers of 1000 microfarads each 
in order for the phase shift at 24 cycles per second to be unob- 
jectionable. 



Fig. 15 


Both sound and picture radio transmitters were crystal con- 
trolled. The spacing between carriers was accurately main- 
tained at 1000 kilocycles. The power amplifier of the sound 
transmitter consisted of a pair of RCA-831 tubes in push-pull. 
These were modulated by means of a high fidelity class B ampli- 
fier. A carrier power of 600 watts was obtained. The frequency 
response of this transmitter is shown in Fig. 15. 

The picture transmitter contained a pair of RCA-846's in 
push-pull as the final power amplifier. The modulator was a 
conventional plate modulator containing a pair of RCA-848's, 
which had sufficient power to modulate the four-kilowatt car- 
rier. Because of the high input capacity of these tubes, it was 
necessary to use six RCA-831"s in parallel to maintain constant 
voltage over the required frequency range, on the grids of the 
RCA-848's. These in turn required three RCA-860’s in parallel 
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to maintain constant voltage on their grids. The modulation re- 
actor was designed to maintain a fairly uniform impedance over 
the entire frequency range. 



To secure the greatest possible effective height of the trans- 
mitting antennas, a new type of structure was developed. Fig. 
16 shows the general arrangement. A hollow steel pole forms 


rr, CABLt- 



the antenna and one side of the transmission line for conveying 
the signal to the upper end of the pole. The other side of the 
transmission line is a copper conductor . spaced from the pole 
as shown. Power is supplied to the pole by a balanced transmis- 
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sion line tapped on to the pole and the copper wire a quarter 
wavelength about the point where the feeder wire is attached 
to the pole. By standing wave phenomena this arrangement 
eifectively insulates the structure from ground as far as the 
operating frequency is concerned. The dotted lines indicate the 
voltage distribution on the system. This arrangement has the 
advantage of using a metal structure which may be either guyed 
or self-supporting, in which the top section only serves as the 
radiator, while the bottom is effectively grounded for strength 
and protection against lightning. 



Fig-. 18 

To demonstrate the possibilities of taking a television camera 
to a point of interest such as a football game or other news 
event, and relaying the signals by radio to the central broadcast 
station for rebroadcast, an installation was made at a point 
approximately one mile from the main laboratory. The ele- 
ments involved in this relay circuit are shown pictorially in Fig. 
17, The camera installation at the remote pick-up point is rep- 
resented at C. The radio transmitter connects this installation 
to E which is the radio receiver and amplifier for supplying sig- 
nal to the cable connecting to the main transmitter at F. The 
final receiving station is represented at G. At the pick-up point 
C a complete transmitting installation was made. A view of the 
relay installation is shown in Fig. 18. It consists of a synchro- 
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nizing impulse generator, three racks of circuits, and a radio 
transmitter. The first rack is the video frequency amplifier, the 
second the monitor for cheeking the operation of the installation, 
and the third contains all the voltage supplies and circuits for 
the operation of the iconoscope. Fig. 19 is a front view of the 
thirty-watt crystal controlled transmitter used for transmitting 
the signal hack to the laboratory. Directive V type antennas 
were used at both the transmitter and receiver of the relay cir- 
cuit. 

Operating the complete installation for a considerable time 
gave us much valuable and practical information. The installa- 
tion involved all of the elements of a flexible and practical tele- 
vision system. Sources of program material were studio, motion 
picture film, relayed pictures from the Empire State Building in 



Fig. 19 

New York, and remote pick-up of a street scene located a mile 
from the main control room. All signals were carried by cable 
a reasonable distance from the control room to the radio trans- 
mitter. Our principal problems were those concerned directly 
with terminal facilities. The radio transmitter was considered 
only as an element necessary in the testing of this equipment. 
However, as a result of the tests using such a wide band of 
modulation frequencies, it was found that the service area was 
definitely limited by the low power of the transmitter rather 
than by the height of the transmitting antenna. The develop- 
ment of a high power ultra-high-frequency transmitter capable 
of being modulated over a wide band of frequencies is now 
being carried forward. 

The quality of the transmitted pictures may be judged by 
Figs. 20, 21, and 22. These are time exposure photographs of 
the picture on the kinescope in the monitoring rack in the 
main control room. Figs. 20 and 21 were each taken with sta- 
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tionary frames of moving picture film projected upon the icono- 
scope by a standard moving picture machine. Fig. 22 was 
taken with the studio camera pointed out the window and focused 
upon an adjacent street corner and buildings. The immediate 
foreground shows the court between two laboratory buildings 
and the upper background shows part of the Delaware River 
bridge. 



Pig. 22 


These pictures do not reveal the well-known gain in apparent 
transmitted detail that occurs when moving subjects are tele- 
vised. The line structure may be observed upon close examina- 
tion, but it is not considered objectionable. Incidentally, the fact 
that the lines are distinguishable after a time exposure of a half 
minute is a tribute to the steadiness of the picture and the accu- 
racy of the synchronization of the transmitter and receiver scan- 
ning patterns. 
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AN EXPERIMENTAL TELEVISION SYSTEM 

By 

R. S. Holmes, W. L. Carlson, W. A. Tolson 

(RCA Victor Company, Inc., Camden, N. J.) 

Summary — Several television receivers voere hiiilt and oper'ated as a part 
of the GX2:)erimental television system set up in Camden during the early 
part of 1933. The receiver a7'-7'angements, includmg soimdf picture, synchro- 
nizing, and deflecting circuits are described together with some of the factor's 
influencing the design. The pe^'fov'mance of the ^receivers is discussed and 
cha7'acte7'istic cu7'ves are given. 

PART III— THE RECEIVERS 
General 

I N THE experimental television system set up and operated 
in Camden during the first part of 1933, tests were made to 
obtain, under practical operating conditions, a measure of 
the improvements made during the year that had elapsed since 
the previous tests made in New York City.^ These advancements 
were reflected in the receiver design as improvement in perform- 
ance, simplification of operation, more efficient apparatus ar- 
rangement, and the ability to reproduce images of greater detail 
— 240 lines. 

The receivers used for the previous tests in New York con- 
sisted of two separate superheterodyne receivers, independently 
tuned. This arrangement was entirely satisfactory for a pre- 
liminary experimental set-up, but in looking toward a more 
practical arrangement it was felt desirable to provide a receiver 
with only a single tuning adjustment which would control recep- 
tion of both the sound and picture signals. This can be accom- 
plished by combining the sound and picture transmissions in 
an orderly manner throughout the television band (40 to 80 
megacycles) . 

One such system would be to transmit both the sound and 
picture signals on a single carrier by means of double modula- 
tion. This could be accomplished in a number of ways, but all 

1 E. W. Engstrom, “An experimental television system/^ Prog. I.R.E,, 
vol. 21, no. 12, pp. 1652-1654; December, (1933). 

Reprinted from Proceedings of the Institute of Radio Engineers. 
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are subject to the possibility of serious cross-talk in some por- 
tion of the circuit, either in the transmitter or in the receiver, 
and are inefficient in transmitter power utilization. A further 
disadvantage is that the transmission channel would be very 
wide, necessitating very wide band radio- and intermediate- 
frequency systems in the receiver, resulting in costly construc- 
tion and difficulty in tuning. 

Another transmission system permitting single dial tuning 
consists in systematically allocating the sound and picture car- 
riers in the television band. One such allocation system would 
be to group all the sound carriers at one end of the television 
band and space the corresponding picture carriers in the same 
order over the remainder of the band. With this arrangement 
the tuning condensers of the two receivers could be geared to- 
gether in the proper ratio and controlled by a single knob. The 
difficulty with this system is that numerous beats would be 
generated between the two oscillators and the incoming carriers. 
The elimination of these extraneous beat frequencies would re- 
sult in serious complications in the design of receiver equipment. 

Another system consists in alternating the sound and picture 
carriers throughout the television band, with each sound car- 
rier adjacent to its accompanying picture carrier and spaced a 
fixed frequency away. A television channel then consists of a 
picture carrier and modulation plus an accompanying sound 
carrier and modulation. This system was chosen for the Camden 
set-up. One complete television channel was provided in Cam- 
den, with the picture transmitter operating at 49 megacycles 
and the sound transmitter operating at 50 megacycles. 

The receiver had a single radio-frequency tuning system 
which consisted of two coupled radio-frequency circuits having 
sufficient band width to accept both carriers and their side bands 
simultaneously, and a heterodyne oscillator which beat with the 
two carriers to produce two intermediate frequencies one mega- 
cycle apart. The radio-frequency system tuned over the pro- 
posed television band of 40 to 80 megacycles. Two first detector 
tubes supplied the resulting intermediate frequencies to two 
separate intermediate amplifiers, which were tuned to 6 and 7 
megacycles for the sound and picture signals, respectively. Since 
the sound intermediate amplifier was relatively sharp, it fur- 
nished a sharp reference for tuning the receiver, and assured 
that when the sound was tuned in, the picture signal was also 
properly tuned. No cross-talk occurred between the sound and 
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picture signals in the receiver since the signal level is low at the 
first detectors and the intermediate amplifiers are entirely sep- 
arate. 

The system of carrier spacing and the resulting receiver op- 
eration can be readily seen by reference to Fig. 1. In the upper 
part of the figure is shown the television channel with the sound 
carrier (<S) and its side bands and the picture carrier (P) with 
its side bands. The probable location of the adjacent channel 
stations is also illustrated. In the lower part of the figure are 
shown the characteristics of the double intermediate amplifiers 
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Fig. 1 — Channel arrangement and receiver selectivity characteristic. 


of the receiver, the sound intermediate selectivity characteristic 
A being relatively sharp, as it is required to pass only a rela- 
tively narrow band of frequencies, and the picture intermediate 
selectivity characteristic B being broad to pass a wide band of 
frequencies. The high-frequency transmissions indicated by the 
scale in the upper part of the figure have been converted into 
intermediate frequencies when referred to the receiver charac- 
teristics indicated by the companion scale in the lower part of 
the figure, but the channel frequency separation remains un- 
changed. 

When the receiver is tuned in the normal manner so that the 
sound carrier S in terms of its intermediate frequency is prop- 
erly tuned with respect to curve A, then the corresponding pic- 
ture intermediate frequency is also correctly tuned in the center 
of curve B. 

A guard band was provided between the edge of the picture 
selectivity curve and the accompanying sound carrier, and also 
an additional guard band to the proposed adjacent sound chan- 
nel on the other side. 
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Antenna 

In the majority of locations where receivers were tested, an 
inside antenna approximately a half wavelength long was found 
to be satisfactory. In more remote or particularly bad locations, 
it was necessary to erect an outside antenna and connect it to 
the receiver by means of a transmission line. This antenna was 
usually of the Zeppelin type, with a half wavelength exposed. 
Satisfactory transmission lines were usually of the form of two 
wires spaced one or two inches apart. Directive antennas were 
used in some instances, and, as was expected, gave a better signal 
than nondirective antennas. 



Fig. 2 — Radio-frequency and oscillator system. 

Radio-Frequency Circuit and Oscillator 

The antenna was coupled to the first tuned circuit in the 
receiver by a small coupling capacitor. This method of coupling 
gave slightly better results than magnetic coupling between 
40 and 80 megacycles, the frequency range of the receiver. The 
radio-frequency and oscillator system are shown in Fig. 2. From 
the antenna coupling capacitor, the signal was impressed on the 
high side of the first radio-frequency circuit. This circuit was 
coupled by a combination of capacitive, inductive, and conduc- 
tive coupling to the second tuned circuit to which were connected 
the grids of the two first detector tubes in parallel. The coupling 
and loading of the radio-frequency circuits were adjusted so 
that the band width of the combination was substantially 1.5 
megacycles over the tuning range of 40 to 80 megacycles. The 
gain from the antenna to the grids of the first detectors remained 
substantially constant over this band. 

An RCA-56 tube was found to be satisfactory over the range 
when used in the oscillator circuit of Fig. 2. At the high- 
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frequency end of the range the circuit of the oscillator was essen- 
tially a straight feed-back circuit, on account of the high im- 
pedance of the tuning condenser compared to that of the padding 
capacitor C. As the capacity of the tuning condenser was in- 
creased, lowering the frequency, the ratio of these impedances 
decreased, thus effectively increasing the feed-back in the oscil- 
lator and maintaining a substantially uniform oscillation. The 
padding capacitor C also performed the usual function of prop- 
erly aligning the oscillator and radio-frequency circuits over 
the 40- to 80-megacycle band. The oscillator operated at a higher 
frequency than the incoming carriers and heterodyned them to 6 
and 7 megacycles. A combination of capacitive, inductive, and 
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conductive coupling between the oscillator and first detector 
circuit maintained a substantially uniform oscillator voltage on 
the first detector grids. The oscillator and the two radio-fre- 
quency circuits were all tuned by the variable gang condenser. 

Sound Channel 

A schematic diagram of the sound channel is shown in Fig. 3. 
The sound intermediate-frequency amplifier consisted of a first 
detector and three intermediate-frequency stages tuned to 6 
megacycles, having an over-all gain from first to second detector 
grids of approximately 10,000 with a band width of 130 kilocycles 
at 90 per cent of the peak amplitude. It was sufficiently wide 
to allow for oscillator drift and permit easy tuning of the re- 
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ceiver. Extensive filtering was provided in the supply leads to 
the intermediate-frequency stages to prevent regeneration. An 
automatic volume control stage was incorporated in parallel 
with the last intermediate-frequency stage and controlled the 
bias on all three intermediate-frequency tubes, with full control 
on the first two and partial control on the last one. In this man- 



ner, the signal on the grid of the second detector was maintained 
substantially constant for signals in excess of about 100 micro- 
volts impressed on the antenna post. 

With the wide spacing between carriers chosen for these 
tests, there was no serious problem of cross-talk or “monkey 
chatter” from the side bands of the picture transmitter such as 
is encountered in wide band broadcast receivers. The proposed 
spacing between adjacent television channels should also pre- 
vent any interference from this source. With the intermediate- 
frequency band width of 130 kilocycles, no side band cutting 
occurred in the intermediate-frequency system. Therefore, con- 
ditions were ideal for providing excellent high fidelity sound 
reception. Following the screen-grid second detector was a tone- 
compensated volume control. An audio amplifier with a band- 
pass tone control supplied the audio signal to push-pull 45's in 
the output stage. The loud speaker was a special high fidelity 
unit having good response to 8 kilocycles. 
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Picture Channel 

The schematic circuit of the picture channel is shown in Fig. 
4. The picture intermediate-frequency amplifier consisted of 
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Fig. 5 — Sound and picture intermediate-frequency characteristics. 

five stages tuned to 7 megacycles, having an over-all gain of 
approximately 10,000 and a band width of 1200 kilocycles at 90 
per cent of maximum amplitude. This characteristic is shown 
in Fig. 5. (This figure also shows the sound intermediate- 
frequency characteristic.) The number of intermediate-fre- 
quency stages chosen for the picture intermediate amplifier was 
determined by the intermediate-frequency gain and band width 
required, and was not determined on the basis of required selec- 
tivity. The six band-pass transformers in the amplifier did not 
of themselves furnish sufficient selectivity to prevent cross-talk 
from the sound signals into the picture channel. In order to 
increase the attenuation, rejector circuits tuned to the sound 
frequency were coupled to the second and third picture inter- 
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mediate transformers. The net attenuation at 6 megacycles com- 
pared to 7 megacycles was about 50, which, combined with the 
cut-off of the video amplifier, effectively eliminated any inter- 
ference on the picture due to the sound signal. The wide band- 
pass characteristic in the picture intermediate-frequency stages 
was obtained by winding the transformers with resistance wire 
and adjusting the coupling between the primary and secondary 
windings to give a flat-topped response. Extensive filtering was 
provided in the supply leads to prevent any possible regenera- 
tion due to common coupling through the supply circuits. 
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Fig. 6 — ^Receiver video amplifier characteristics. 

An automatic volume control stage in parallel with the last 
intermediate-frequency stage controlled the bias on the first two 
and last intermediate-frequency tubes to maintain the signal on 
the second detector grid constant when the signal on the antenna 
post of the receiver exceeded approximately 100 microvolts. 

Following the second detector, the video signal was applied 
to the video amplifier, whose frequency characteristic is shown 
in Fig. 6, and to the synchronizing separating circuit. The output 
of the video amplifier was applied to the grid of the kinescope. 

Synchkonization 

In order to reproduce the picture represented by the received 
signals, it is necessary that the scanning point on the mosaic of 
the iconoscope and the scanning point on the kinescope be main- 
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tained in synchronism. A random variation of synchronization 
at the receiver, corresponding to the linear equivalent of one pic- 
ture element, will result in a loss of 50 per cent of the normal 
resolving power. This made it imperative that the synchronizing 
signals be separated in such a manner that integration would 
not seriously distort the wave fronts of the synchronizing sig- 
nals. If it is assumed that such distortion shall be less than 
one-half picture element, the variation in timing of adjacent 
synchronizing signals, due to integration of video or extraneous 



signals, must be less than 0.5 microsecond for horizontal syn- 
chronizing signals and 800 microseconds for vertical synchroniz- 
ing signals, approximately. It was found that with the signal- 
separating methods employed in these receivers, such a condition 
was obtainable under normal operating conditions. 

f i I K \ fi n 

Fig. 8 — Received signal after removal of video component. 

Fig. 7 shows a section of the received signal voltage wave 
taken over a period of time equivalent to that of four scanning 
lines. The section is taken at the bottom of the picture in order 
to include the vertical synchronizing impulse. It should be noted 
that the horizontal synchronizing impulses are superimposed 
upon the “black” signal between scanning lines, and the vertical 
impulse is superimposed upon the “black” signal between pic- 
tures. The fact that the video signal cannot go beyond the 
“black” amplitude assures that the video signals will not inter- 
fere with the synchronizing action. The circuit and operating 
characteristics of the arrangement used for removing the video 
component from the incoming signal are shown in Figs. 9 and 
10, respectively. Referring to Fig. 9, it should be noted that 
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the bias battery potential is such as to make the grid of the 
tube positive with respect to its cathode. The positive potential 
of the grid is limited by the presence of Rn in series with this 
circuit. Rs is made very large with respect to the grid-cathode 



Fig. 9 — Circuit for removal of video component from composite signal. 

resistance for positive values of grid potentials. Thus, for all 
values of positive potential applied at A, substantially all the 
voltage appears across R^ rather than across the grid-cathode 
circuit. For all values of negative potential at A in excess of 



Fig. 10 — Operating characteristic of circuit for removal of video 
component from composite signal. 

the positive bias potential, the grid is negative with respect to 
its cathode, and the resistance is very high compared with Rz', 
thus the effect of the series resistance is negligible. The net 
effect of such a response characteristic is shown by comparison 
of Fig. 7 with Fig. 8, which shows the signal after the video 
component has been removed. 

Due to the wide divergence between the time constants of 
the horizontal and vertical s 3 mchronizing signals, either may be 
removed from the composite synchronizing signal by means of 
very simple frequency selective circuits. Figs. 11 and 12 show 
the circuit and characteristics of the arrangement utilized for 
separating the horizontal and vertical synchronizing signals and 
confining them to their respective channels, while Fig. 13 shows 
the horizontal and vertical signals after separation. The hori- 
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zontal and vertical synchronizing signals were then applied, re- 
spectively, to the horizontal and vertical deflection oscillators. 


HoeiZONTflL 

OUTf^UT 


Fig. 11 — Circuit for separation of vertical and horizontal 
synchronizing signals. 

Deflecting Circuits 

General 

The oscillator used for producing a voltage of saw-tooth wave 
form must, in general, meet three fairly definite requirements. 

/{.- BESP>oNS£ Of veencfiL synchhoniz/ng output aecu/r. 

fi- JEESPQNiE Of HQRIZOKTPL SiSCHJEQNI2/N<S OUTPUT CmCUiT 




It must produce an output having a sharply peaked wave form. 
For horizontal deflection the ratio of the duration of the peak to 
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Fig. 13 — Synchronizing signals after passing through separating circuit. 

the time for a complete cycle should not be greater than 1:15. 
For vertical deflection this ratio should not be greater than 1 :80. 




290 Holmes, Carlson, and Tolson: Experimental Television System 

As an alternative to this requirement, the oscillator may pro- 
duce an output having a wave front sufficiently steep so that 
impulses having the required characteristic can be secured 
through the use of high-pass circuits. Fig. 14 shows the output 
voltage wave of a special dynatron circuit, together with the 
wave shape resulting from the use of a high-pass coupling cir- 
cuit to the next tube. The second requirement of an oscillator 
for deflection purposes is that it must be capable of synchroniza- 
tion over the range of free-oscillating frequencies covered by 
the “drift” of the oscillator under operating conditions. The 



[• otl OUTfOt VCLlpCqE Of DTHRTRdH OsciuRTOK 



lb] Kesult^nt WfWE. Antf^ PassihciThru Circuit 

, 14 — Voltage wave shapes obtainable with dynatron oscillator. 



Fig. 15 — The blocking oscillator. 

third requirement for a deflection oscillator is that the drift 
of the free-oscillating frequency shall be small. The reason for 
this requirement is apparent, since it minimizes the difficulties 
encountered in synchronization. An oscillator known as a block- 
ing oscillator was chosen as most satisfactorily meeting all the 
above requirements. 

The blocking oscillator is similar in circuit to, but having 
constants differing from, a conventional inductively coupled 




Holmes, Carlson, and Tolson ; Experimental Television System 291 


sine wave oscillator. A typical circuit is shown in Fig. 15. 
The coupling, damping, grid condenser, and grid leak are so 
proportioned that the grid current drawn during the positive 
portion of the grid voltage wave is sufficient to build up a nega- 
tive voltage across the grid condenser greater than the value 
required for plate current cut-off. This action is shown by the 
graphs of grid-circuit potentials shown in Fig. 16. At the con- 
clusion of one cycle of oscillation at the natural period of the 
transformer T, the circuit is maintained in an inoperative con- 
dition, by virtue of the high negative grid bias, until the charge 



Fig. 16 — Blocking oscillator circuit voltage. 


on the grid condenser is dissipated by the grid leak to the point 
where the grid potential is just sufficient to allow plate current 
to flow. At this point the above cycle of operation repeats itself. 
The next cycle may be initiated at any time before this point 
is reached, by applying to the grid a positive impulse of suffi- 
cient amplitude to cause plate current to flow. This function is 
normally performed by the synchronizing impulse, as shown by 
(d) of Fig. 16. 

Vertical Deflecting Circuit 
The choice between the use of magnetic and static fields for 
deflection of the cathode ray beam in the vertical direction is 
made relatively simple by virtue of the fact that the fundamental 
frequency is very low (24 per second), thus presenting a mini- 
mum of difficulty in passing a current of saw-tooth wave form 
through a comparatively large inductance. The fact that a 
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highly inductive deflecting coil may be employed permits the 
use of a low voltage, low current output tube, whereas the volt- 
age requirements for static deflection are not reduced by the low 
operating frequency. For static deflection, the impedance and 
phase-shift requirements considerably complicate the design of a 
suitable output transformer and make necessary the use of a 
low impedance output tube. A consideration of the foregoing 
indicated the use of magnetic deflection in the vertical direction 
as being best suited to the purposes of the tests to be made. 



[ a ] Ktaomto Vrvz foKCiticuiT tomq Resistance Ohu. 


'>1 REc^uif^LO Wave. 5Hf\pe.FofiCiRou»T Having Indutahce DNtf 



Wt\VE. 5 hrpe For Circuit FlRvmq 5 oth Resistahoe hnd ikwctahce 

Fig. 17 — ave shape required to force a saw-tooth current wave 
through resistive and inductive circuits. 

Fig. 17 shows the voltage wave shape required to produce a 
saw-tooth wave form of current through a pure resistance, a 
pure inductance, and a circuit containing both resistance and 
inductance. Such a required voltage wave may be produced in a 
very simple circuit, as shown by Fig. 18. Condenser C is charged 
in series with resistor r at a substantially constant rate through 
resistor R. The periodic positive impulses from the blocking 
oscillator are applied to the grid circuit of the discharge tube, 
the plate circuit of which is connected across the charging source 
and resistor R. The discharge tube thus periodically discharges 
(7 by a definite amount. The voltage wave across C is saw-tooth 
in shape, while that across r is a pure impulse. It is evident 
that by properly proportioning C and r, it is possible to produce 
a voltage wave shape having the required amount of saw-tooth 
and impulse components to force a saw-tooth of current through 
any given combination of output tube and deflecting coils. 

The design of a suitable structure for the application of a 
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magnetic deflecting field to a cathode ray tube is influenced by 
several considerations. Assuming that a linear saw-tooth wave 
form of flux is produced normal to the axis of the cathode ray 
beam, a linear saw-tooth deflection of the beam will result only 
if the flux field is of constant density throughout the range of 
movement of the beam. A second effect of nonuniform flux dis- 
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Fig. 18 — Circuit for producing a composite wave having saw-tooth and 
impulse components- 



Fig. 19 

tribution is defocusing due to the finite size of the beam at the 
point of deflection. It is obvious that a nonuniform distribution 
of flux will produce deflection of the electrons by an amount 
depending upon the flux density at each point in the cross sec- 
tion of the beam, thus resulting in a partial destruction of the 
focus on the fluorescent screen. Components of the deflecting 
flux which act along the path of the beam in a direction parallel 
to the motion of the electrons also produce defocusing, since such 
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components constitute a focusing field varying in accordance 
with the instantaneous density of the deflecting field. Such con- 
siderations imposed limitations on the design of the magnetic 
deflecting structure and resulted in the adoption of a form which 
differs markedly from one based entirely upon considerations of 
magnetic efficiency alone. The magnetic yoke employed in the 
receiver is shown by Fig. 19. 
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Fig. 20 — Response and phase delay characteristics of horizontal 
deflecting circuit. 

Horizontal Deflecting Circuit 
The choice between magnetic and static fields for horizontal 
(5760 cycles) deflection is somewhat more involved than in the 
case of vertical deflection. In the case of magnetic deflection, the 
voltage across the deflecting coils involved in producing a saw- 
tooth current wave increases directly as the scanning frequency. 
For frequencies of the order of 6000 cycles the required voltage 
peaks are so high as to be destructive unless the circuit design 
is such as to minimize the voltage requirements. The voltage 
may be reduced by reducing the inductance of the deflecting coils, 
with a corresponding increase in the current requirements. The 
current limits are set by the output tube used. A secondary prob- 
lem is presented by the interaction between the fluxes in the 
vertical and horizontal deflecting yokes. The most serious re- 
sults of such interaction are distortion of the scanning field and 
defocusing of the scanning spot. In the case of static deflection, 
the voltage requirements are not affected by the scanning fre- 
quency, but the required frequency band to be passed by the 
output transformer increases directly as the scanning frequency. 
From an economic standpoint there are factors favoring either 
system, but from the standpoint of sharpness of focus and mini- 
mum distortion of the scanning pattern, better results were 
obtained with static deflection in the horizontal direction. The 
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design of the output transformer for application of deflection 
potential to the static deflecting plates is limited by several 
considerations. Chief among these are the alternating-current 
potential required across the deflecting plates of the kinescope, 
the voltage available on the plate of the output tube, and the 
required frequency vs. response and frequency vs. phase char- 
acteristics. Fig. 20 shows the response and phase characteris- 
tics of the horizontal deflecting circuit which produced a deflec- 
tion having a maximum variation in scanning velocity of 5 per 
cent and a scanning to return ratio of 13:1. 

The oscillator and discharge tube circuits were diagram- 
matically the same for the horizontal and vertical deflecting 
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Fig. 21 — Schematic arrangement of kinescope deflecting circuit. 


circuits. The circuit constants were, of course, proportioned to 
the widely different frequencies at which they operated. The 
complete deflecting arrangement is shown schematically by 
Fig. 21. 

The exact position of the scanning pattern on the end of the 
kinescope is affected to a minor extent by the mechanical line-up 
of the electron gun, by a permanent magnetization of deflecting 
structures or other magnetic materials near by, and by the 
magnetic field of the earth. In order to insure the exact location 
of the scanning pattern in the viewing aperture, means were 
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provided for adjusting the position of the scanning pattern in 
both the vertical and horizontal directions. For centering in the 
vertical plane a bridge arrangement was used whereby a small 
amount of direct current could be passed through the vertical 
deflecting coils in either direction. For centering in the hori- 
zontal plane an arrangement similar to that employed for ver- 
tical centering was used, ecxept that it was entirely independent 
of the horizontal deflecting circuit. Both arrangements are 
shown in Fig. 21. 

Receiver Controls 

On account of the system used for transmission of sound 
and picture on carriers spaced one megacycle apart and the 
double intermediate amplifier in the receiver, only a single 
tuning control was necessary, so that tuning the receiver was 
no more difficult than tuning a standard broadcast receiver. The 
major controls located on the front of the cabinet were tuning, 
sound volume, sound tone, picture brightness, and picture con- 
trast. These were the controls it might be necessary to adjust 
when tuning from one station to another. Another group of 
controls which required less frequent adjustment were arranged 
under the lid of the cabinet. These were focus, deflecting oscil- 
lator frequency controls, and scanning pattern size and center- 
ing. Screw driver adjustments were provided inside the receiver 
for scanning pattern distribution and kinescope screen-grid 
voltage. These adjustments needed to be changed only when the 
receiver was set up for operation. 

General Arrangement of the Receiver 

The general arrangement of the receiver is shown on Figs. 22 
and 23. The parts were assembled on three units. All the radio- 
frequency and intermediate-frequency circuits and the video and 
audio amplifier were mounted on the receiver chassis. Fig. 24 
and 25. The tuning capacitor was in the center, with the sound 
channel on one side and the picture channel on the other. The 
deflecting circuits were on another chassis mounted below the 
receiver chassis. The kinescope was mounted from this chassis 
inside a steel shield extending up through the receiver chassis. 
The picture was viewed by means of a mirror mounted in the 
adjustable lid of the cabinet. The power supply unit was mounted 
in the bottom of the cabinet. The rectifiers on this unit supplied 
250 volts to the receiver and kinescope chassis and first and 
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Fig. 22 



Pig. 23 
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second anode supply to the kinescope. The second anode voltage 
on the kinescope was 4600 volts, and the spot was focused by 
means of the adjustable first anode supply. 

Observations on the Performance op the Receivers 
No evidence of natural fading of signals in the frequency 
band of 40 to 80 megacycles was noted, but considerable variation 
in the signal applied to the receiver was encountered in most 
locations. These variations were usually attributed to changes 



Fig. 24 


in the pick-up system, such as swinging antenna or transmission 
line or movement of conductors in their vicinity. These fluctu- 
ations were entirely overcome by the automatic volume controls 
in the receiver, either on windy days when the outside antenna 
was swinging considerably, or when people walked near an 
inside antenna and changed the standing wave patterns. 

The sensitivity of the receivers was approximately 100 micro- 
volts for both the sound and picture channels. However, a signal 
of 100 microvolts did not provide satisfactory operation of the 
picture channel, on account of the presence of random electrical 
variations usually referred to as “hiss” being present. This 
“hiss” disturbance limited the minimum satisfactory signal to 
about 1000 microvolts. The sound side gave a satisfactory sig- 
nal on less than 1000 microvolts. The amount of “hiss” or other 
interference that can be tolerated in the picture signal is greater 
than would be expected compared to that of the sound signal, 
when considered on the basis of their respective band widths. 
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This was also noted on previous tests of a television system by 
Beers. ^ The most serious source of external interference was 
the ignition systems of airplanes. Interference was also created 
by automobiles driven within a hundred feet or so of the receiving 
antenna. These interferences were less troublesome than would 
be expected on the picture as compared to the sound, consider- 
ing the great difference in band width. 



Fig: 25 


In general the results of the tests were gratifying. Even 
when the program material originated in New York City and 
was relayed twice, interference and other diflSculties were not 
serious. In all the tests the performance of the apparatus was 
up to expectations, and the reproduced picture and sound were 
satisfactory and had entertainment value. 
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AN EXPERIMENTAL TELEVISION SYSTEM 


By 

Charles J. Young 

(RCA Victor Company, Inc., Camden, N. J.) 


Summary — A radio relay circuit is described for carrying 120-line tele- 
vision programs from a studio in New York to a broadcast station in Camden, 
New Jersey, Details of the actual relay station used are given as well as the 
characteristics of directive antennas especially designed for this service. The 
completed system satisfactorily relayed television pictures over this 86-mile 
distance. 

The project was carried out jointly by the following companies: RCA 
Communications, Inc., RCA Victor Company, Inc., National Broadcasting 
Company, Inc., General Electric Company, Inc., and the Westinghouse Elec- 
tric and Manufacturing Company. 


PART IV— THE RADIO RELAY LINK FOR TELEVISION 

SIGNALS 

I N THE early part of 1933 an experimental television system 
was placed in operation in Camden. As a part of this system 
it was felt very desirable that engineering information be 
obtained bearing on the problem of networking television sta- 
tions. 

The history of sound broadcasting has shown the importance 
of such interconnection. With television it is likely, for eco- 
nomic reasons, that a networked system may prove to be even 
more essential. At the same time the technical difficulties are 
multiplied enormously with the increase in channel width re- 
quired, from a frequency band of 7000 cycles for good sound 
to a band of over 200 kilocycles for a 120-line television picture. 

There are several possible methods of distributing television 
programs. In this country, and in Europe, it has been proposed 
to syndicate television programs by airplane delivery of movie 
films, but this is not attractive for many reasons. The two im- 
portant possibilities remaining are a special wide channel wire 
line with the necessary repeaters, or a radio system with relay- 
ing stations. The latter was chosen for this project. 

The starting point of the relay channel was the 44-megacycle 
transmitter on the Empire State Building in New York City. 

Reprinted from Proceedings of the Institute of Radio Engineers. 
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The object was to relay the television signals radiated from there 
to Camden where they might be rebroadcast. The video fre- 
quency band which had to be transmitted was determined as 
210 kilocycles for the 120-line picture, and the length of the 
circuit was 86 miles air line. Preliminary study of profile maps 
showed that while two intermediate relay stations might be 
required, there was a possibility of using only one. The Empire 
State antenna was some 1250 feet above sea level, and there were 
nine hills between there and Camden almost high enough to 
“see” it and at the same time give promise of placing a good 
signal in Camden. 

To fix definitely upon a site for the relay station, a field 
strength survey was made at each of these possible locations. 
The equipment used consisted of a semiportable receiver, the 
sensitivity of which had been determined, and approximately 
calibrated in microvolts per meter. It was used with a vertical 
half-wave antenna which could be raised on a pole some eighteen 
feet above ground. This apparatus was easily carried about by 
automobile and served its purpose very well. 

During the period of the survey, test transmissions were 
made both from the Empire State Building, on 44 and 61 mega- 
cycles, and from Camden on 44 megacycles. The field strength 
observed on these transmissions showed at once that there were 
only two possible locations for the relay station, and that the 
best one was undoubtedly Arney’s Mount, a few miles east of Mt. 
Holly, N. J. The summit of this isolated hill is 230 feet above 
sea level; high enough to give line of sight to the receiving 
point 23 miles distant at Camden, and only about 200 feet below 
line of sight from the New York antenna, 63 miles distant. 
This unequal division of the total relaying distance was justi- 
fied for several reasons: first, the great height of the 44-mega- 
cycle antenna in New York; next the fact that the second lap 
of the relay was to be carried on 79 megacycles, which would 
probably require a direct optical path; and finally because a 
strong signal would be needed in Camden to override severe 
induction interference from the factories there. 

As a final confirmation of the choice of Arney’s Mount, an 
experimental television receiver^ was set up there and picture 
transmissions observed alternately from New York and Cam- 
den. The pictures were fair and it was calculated that they would 
be entirely satisfactory when antennas of considerable height or 

1 G. L. Beers, “Description of experimental television receivers,” Proc. 
I.R.E., vol. 21, pp. 1692-1706; December, (1933). 
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directivity, or both, had been erected. It will be noted that in 
all of the survey work the observations on the second lap of the 
circuit were made at Arney’s Mount on transmissions from Cam- 
den. It was assumed that these data would apply to transmission 
in the reverse direction, and it was much more practical to set 
up a receiver at Arney’s Mount than a test transmitter. 

The general plan for erection of antennas at the station was 
worked out before starting construction. Additional signal 
strength was needed to insure reliable reception from New 
York. The practical question was whether to obtain this by an 
extensive highly directive antenna near the ground, or by a small 
antenna high up on a tower. It was answered in favor of the 
tower by an observation of the vertical distribution of field 
strength over the location, made in an autogyro and previously 
reported in these Proceedings.^ These measurements were con- 
firmed by others which had been independently made in an 
airplane at comparable distances over Long Island.®* Appar- 
ently there was no abrupt change in signal strength as one fell 
below line of sight, and in this region the signal strength was 
roughly proportional to the elevation of the receiving antenna 
above ground. This generalization is, of course, subject to many 
rapid fluctuations in signal with altitude due to reflections from 
the ground surface along the transmission path. These were ob- 
served sufficiently to make certain that the final antennas were 
not at a minimum of field strength. 

The relay station, as built on Arney’s Mount, included a 165- 
foot steel tower, a 20-foot square steel building housing the 
apparatus, and three wooden poles supporting the transmitting 
antenna directed on Camden. There was just room enough on 
top of the wooded sand hill for the three structures, and the slope 
fell rapidly away on all sides from the 230-foot elevation of the 
summit to the normal ground level, which is about 100 feet above 
sea level in this vicinity. 

The steel building was divided into two rooms, one for the 
receiver and one for the transmitter. The latter was double 
shielded with copper, and filters were provided for all circuits 
passing through the partition, as well as for the incoming under- 
ground power cable. These precautions made it possible to 
locate the receiver, which worked on the relatively weak 44- 

2 L_ F. Jones, “A study of the propagation of wavelengths between three 
'and eight meters,” Proc. I.R.E., vol. 21, pp. 349-386; March, (1933). 

® Bertram Trevor and P. S. Carter, “Notes on propagation of waves be- 
low ten meters in length,” Peoc. I.R.E., vol. 21, pp. 387-426; March, (1933) . 
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megacycle signals from New York, in the same building with 
the relay transmitter. The power of this relay transmitter had 
been set at 100 watts as this was felt to be reasonable for the 
experimental study of the system. 

The block diagram of Fig. 1 shows the equipment installed 
at the relay station. The receiving antenna consisted of three 
vertical dipoles, connected in proper phase and feeding a 450- 
ohm two- wire transmission line. The upper dipole was mounted 
on the top of the 165-foot steel tower and a reflector was placed 
behind it. The other two were without reflectors and were placed 



Pig. 1 — Block diagram of relay station at Arney’s Mount. 


in a vertical line beneath. It is interesting to note that the top- 
most point of this antenna array lay only 35 feet below the line 
of sight from the New York antenna. 

The receiver was a specially designed superheterodyne. The 
intermediate frequency was 8 megacycles and the circuits were : 
adjusted to give the maximum sensitivity consistent with the 
necessary total band width of 420 kilocycles. There was no* 
second detector and the output was delivered at 8-megacycles 
into a 500-ohm concentric tube transmission line. The over-all 
sensitivity of the receiving system is indicated by the fact that 
one volt of signal was measured at the output with the antenna 
system exposed to an estimated field strength of 200 microvolts 
per meter. 

The 8-megacycle receiver output was carried by the trans- 
mission line through a 20-megacycle low-pass filter into the 
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transmitter room. Here it was further amplified by four stages 
operating in push-pull class B, the circuits being tuned and 
damped to give the necessary band width. The high level thus 
obtained excited a pair of tubes acting as a combined high power 
detector and modulator. In the plate circuit of this modulator 
an undistorted power of 200 watts at video frequency was ob- 
tained, and this was sufficient to modulate 100 per cent the 
power amplifier in the transmitter. 

The modulator tubes were biased somewhat beyond cut-off 
and were operated so as to give linear detection of the 8-mega- 
cycle intermediate frequency. Thus, in the entire receiving and 
relaying system, there was only this one stage carrying video 
frequency signal. Therefore the problem of maintaining good 
frequency characteristic and reducing phase distortion was 
greatly simplified. There was only one video frequency circuit 
to be considered in addition to such distortion as might occur 
in the radio circuits. The measured total phase shift of the trans- 
mitter was a constant 2% microseconds over the band used. 

This method of direct transfer of modulation from one car- 
rier to another in a single stage has the characteristic of invert- 
ing the modulation on the second carrier. In other words a posi- 
tive peak on the first carrier becomes a negative on the second. 
This, of course, is no handicap in a relaying system, but would 
make it undesirable as a general method of modulation. 

The radio-frequency circuits of the transmitter were more 
orthodox. The original crystal frequency was 3.3 megacycles 
and this was amplified and multiplied by a crystal buffer stage, 
first doubler, second doubler, third doubler, a tripler, an 80- 
megacycle amplifier, and a final 80-megacycle power amplifier. 
Some precautions were necessary in plate circuits of the power 
amplifier to reduce the capacity of the parts to ground and permit 
the wide band of modulation. The output was inductively coupled 
to a two-wire transmission line which passed out of the build- 
ing and up the adjacent 70-foot pole to the transmitting antenna. 
Direct-current filament power and bias voltages for the trans- 
mitter were supplied by a motor generator and plate voltages 
by a 3000-volt rectifier. The proper operation of this transmit- 
ting system was due largely to the efforts of W. H. Nelson of the 
General Electric Company. 

Another essential part of the relay installation was a kine- 
scope used for monitoring purposes. This, by means of transfer 
switching, could be connected either to the receiver or to a recti- 
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fier coupled to the sending antenna. Thus a direct comparison 
was possible between the received and the relayed pictures. 

For the link from Arney’s Mount to Camden, horizontally 
polarized waves were used. They proved to have a real advan- 
tage when it came to receiving at Camden, as the horizontal type 
receiving antenna was noticeably less susceptible to pick-up of 
interfering electrical noise. The radiating antenna erected at 
Arney’s Mount was designed by P. S. Carter of RCA Communi- 
cations, Inc., to have a power directivity of 18 to 1 as compared 



Fig. 2 — Directivity of Arney’s Mount transmitting antenna. Plane flying 
at 600 feet altitude in a circle 4.2 miles in diameter. 

with a single dipole. It was supported on three 70-foot wood 
poles and consisted of four wires, each 16 wavelengths or about 
200 feet long. These wires formed two flat V’s having a common 
apex and with the bisector of their open angle pointed westward 
toward Camden. The wires of the upper V were horizontal while 
those of the lower V were directly under them but sloping down- 
ward as the sides of the V spread apart. As indicated in Fig. 1, 
the transmission line was connected at the apex, one wire to the 
right sides of both V’s and the other wire to the left sides. When 
the angles of this antenna structure are properly chosen, both 
horizontal and vertical concentration of the radiation is obtained. 
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Also the system is sharply resonant to the chosen frequency and 
it was found desirable to add resistance loading at the extremity 
of each wire, in order to broaden the tuning sufficiently for the 
wide transmission band. This loading had the added advantage 
of reducing unwanted radiation in the reverse direction. 

Directivity measurements made on this antenna are shown 
in Figs. 2, 3, and 4. These measurements, as well as those made 
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Fig. 3 — Directivity of Arney’s Mount transmitting antenna, plane 
flying at 700 feet altitude, 11.5 miles distant. 




Fig. 4 — Signal intensity vs. angle to horizon for Arney’s Mount transmitting 
antenna. Data taken over a point one mile distant. 

at Camden, and many of the field strength surveys, were car- 
ried through by Bertram Trevor of R. C. A. Communications, 
Inc. Fig. 2 was obtained by placing a field strength set in an 
airplane and flying in a circle around the antenna. In this case 
the radius of the circle was 4.2 miles and the altitude of the 
airplane 600 feet above the antenna. Fig. 3 shows a similar 
curve made by flying back and forth across the beam at a dis- 
tance of 11.5 miles. In this case, while flying at an altitude of 
700 feet, the conditions were quite variable and the two curves 
show two successive runs. It is clear from Figs. 2 and 3 that 
good directivity was obtained in this antenna, the beam being 
about 10 degrees wide at 50 per cent of its maximum value. 
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In order to determine the vertical directivity of the antenna, 
flights were made back and forth across the beam at a distance 
of one mile from the transmitter and at altitudes up to 5000 
feet. The results are shown in Fig. 4. The curves are very ir- 
regular due to interferences of reflections. Nevertheless they 
demonstrate the important point that the radiation becomes 
small at 45 degrees and that the maximum fleld strengths occur 
at low angles, as is required for this service. 

At the Camden terminal of the relay circuit the receiver and 
antenna were installed on the roof of one of the EGA Victor 
Company buildings. The receiver proper was the same as that 
used at Arney’s Mount except that a second detector was in- 
cluded and the output taken at video frequency instead of 
intermediate frequency. A kinescope for monitoring, and a line 
amplifier through which the video frequencies were sent to the 
control board at the studio were provided. 

The receiving antenna presented somewhat of a problem as 
it was difficult to obtain a sufficiently good signal-to-noise ratio 
when operating in a city location. The field strength was of the 
order of 400 microvolts per meter. This proved ample for the 
120-line picture in the evening when factory interference had 
ceased. By day, however, good pictures were not received until 
the simple horizontal dipole antenna was replaced by a horizontal 
V type raised 50 feet above the roof of the building, or 120 feet 
above the street. With this arrangement there was a tendency 
to balance out the noise pick-up from below, and there was a 
much stronger signal due to the antenna directivity. This direc- 
tivity was measured by installing a small transmitter in an air- 
plane and flying it around the receiving point. The radius of 
the circle flown was 20,000 feet and the height of the plane 2000 
feet. Fig. 5 gives the polar diagram thus obtained. The system 
gives two sharp beams, being in this case bidirectional because 
no resistance loading was provided at the extremities of the V. 

After the relay station at Arney’s Mount and the receiving 
station at Camden were properly adjusted, a number of tele- 
vision programs were relayed from the Empire State Building 
in New York. These were necessarily of 120-line detail, being 
limited to this by the studio apparatus used. After being re- 
ceived in Camden, the video signals went by low capacity cable 
to the control board and thence to the television broadcast trans- 
mitter. Eeceived from this transmitter, the picture detail, while 
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not as good as the original transmission, was still entirely ac- 
ceptable. 

It is worth pointing out that when a studio program originat- 
ing in New York City was finally seen on the kinescope in the 
suburbs of Camden, it had passed on the way, without appre- 
ciable distortion, through three transmitters and three receivers. 


N 



Fig. 5 — Camden relay receiving antenna second detector deflection vs. bear- 
ing, plane flying at 2000 feet altitude in a circle 40,000 feet in diameter. 
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THEORY OF ELECTRON GUN 

By 

I. G. Malopf and D. W. Epstein 

(RCA Victor Company, Inc., Camden, New Jersey) 

Summary — The function of the electron gun irrespective of the purpose 
for which the cathode ray tube is used is to generate, to concentrate, to con- 
trol, and to focus an electron beam to a spot of a desired size. This paper> 
describes the theory of the above-mentioned functions. The point of view of 
electron optics is presented and the theory of thick electron lenses with vari- 
able indexes of refraction is given. A somewhat detailed analysis of the action 
of the various parts of the gun is given, using the concepts of electron optics 
whenever convenient. Then a relevant part of thermionic emission is treated, 
with an emphasis on the distribution of velocities of emission. The initial 
concentration in the proximity of the cathode, the control of the beam intens- 
ity, and the effects of space charge are presented next. In closing, the per- 
formance of the gun as a whole is given, and a mathematical and graphical 
design procedure, made possible by certain assumptions and approximations, 
is described. 


Introduction 

O F THE great number of cathode ray tube applications a 
radio engineer is interested mostly in three; namely, the 
oscillograph and its simpler form the oscilloscope, the 
kinescope or the television receiver tube, and the iconoscope or 
the television image pick-up tube. 

In all of these three applications, the cathode ray tube con- 
sists essentially of five component parts : first, the glass envelope, 
sealed for the maintenance of vacuum; second, the cathode from 
which the cathode rays or, using a more up-to-date term, the 
electron beam, originates ; third, a device for concentrating, con- 
trolling, and focusing of this electron beam ; fourth, an arrange- 
ment (either internal or external) for defl.ecting the beam , and 
fifth, the screen or the target which is covered with fluorescent 
material in case of the oscillograph and the kinescope and photo- 
sensitive material in case of the iconoscope. 

The term “electron gun” is fairly new and is used to describe 
the part of the cathode ray tube which comprises the arrange- 
ments for generation, concentration, control, and focusing of 
the electron beam. Fig. 1 shows a typical modern gun. The 
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tubular cathode with a flat emitting: surface is indirectly heated. 
The emitting surface A is coated with some oxide preparation. 
The grid sleeve B surrounds the cathode and has a circular 
opening just opposite the cathode emitting area. An insulator 
is inserted between the grid and an auxiliary anode C, the latter 
often being called the first anode. The electrostatic field created 
by the potential applied to the first anode penetrates the grid 
opening and draws the emitted electrons into the beam. The 


(J) ® ® 

! I I ' 



beam enters the first anode and passes through a central aper- 
ture. The purpose of this aperture, called the masking aperture, 
is to cut off some of the peripheral portions of the beam similar 
to a stop in a photographic lens. Then the beam enters the 
region of the field produced by the difference of potentials be- 
tween the first and the second anodes. The second anode D is 
usually in the form of a cylinder surrounding the first anode. 
It may be either a separate electrode or it may be in the form 
of a conducting coating on the inside of the glass tube. In this 
field a strong focusing action takes place, which gives the elec- 
trons a radial velocity component directed towards the axis of 
symmetry of the beam. The radial momentum acquired by the 
electrons is sufficient to bring them after a flight through the 
equipotential space of the main body of the bulb to a focus at 
the screen. 

This explanation may be taken as an introduction to this 
paper which is devoted to a more detailed treatment of the 
theory of operation of electron guns for cathode ray tubes. 

Electron Optics 

In order to treat the operation of the electron gun in detail 
it is very convenient to use a rather young branch of applied 
physics which is called electron optics. The original name of 
the electron beam was the cathode ray. Thus we see that the 
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analogy of the behavior of streams of electrons in vacuum with 
the behavior of light rays was self-evident to even the very early 
explorers. At present this analogy is firmly established and elec- 
tron optics play a major part in theory and design of electron 
guns. 

We are using electron optics for the explanation and predic- 
tion of the generation, concentration, control of intensity, and 
focusing of electron beams in high vacuum only. In a broader 
sense it applies to similar phenomena in rarified gases, but there 
the secondary phenomena complicate the analysis. In high 
vacuum the effects of electric and magnetic fields produced by 
various electrodes and poles are not obscured by the action of 
ions which result from collision of electrons with molecules of 
residual gas. 

Much to be regretted is the fact that very little practical 
information can be found in the technical literature related to 
this interesting subject. That is, practical from the gun design- 
er’s standpoint. True enough there are two excellent theoretical 
articles by Bush^ written in 1926 and 1927 (in German) proving 
that a sufficiently narrow bundle of electrons will focus in any 
nonuniform magnetic and electric field provided the fields have 
an axial symmetry with respect to the beam. Then comes a 
series of articles on electron optics and electron microscopes by 
Knoll and Ruska^ and several others, dealing with simplified 
cases of thin electron lenses. 

A recent article by Picht^ discusses a case where electrons go 
through a continuously varying electrostatic field. He treats the 
focusing system as a thick electronic lens. He uses analytical 
methods for treating his problem and indicates a particular solu- 
tion. His methods are of limited practical value, however, be- 
cause they imply that the potential along the axis has to be 
expressed by an analytical function. The accuracy of Picht’s 
solution depends on the accuracy of this analytical expression 
and not only on the accuracy of the expression itself, but pri- 
marily on the accuracy of its first and second derivatives. 
Unfortunately, there is no such general analytical function and, 
furthermore, all the attempts by the writers to find simple par- 
ticular functions to express some of the commonly used fields 
failed completely. 


-^Ann. der Physik, vol. 86, p. 974, (1926), and ArcUn) fur Elektrotech., 


vol. 18, p. 583, (1927). 

2 Ann. der Physik, series 5, 
8 Ann. der Physik, series 5, 


vol. 12, Heft 6, p. 641, (1932). 
vol. 15, Heft 8, p. 56, (1932). 
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It is well known from the theory of geometric optics that 
when we are dealing with a thin lens, a knowledge of its focal 
length enables us to calculate the distance and the size of the 
image, if the distance and the size of the object are known. In 
case of a thick lens consisting of several separate lenses the story 
is somewhat different. It was proved by Gauss some ninety years 
ago that it is not necessary to treat the single surfaces of a 
thick lens separately, but a compound lens can be treated as a 
whole and some very simple formula can be used for computa- 
tion of the image size and position provided certain values or 
constants of the lens are known. It is also well known that it is 
impossible to find a single lens that, placed in any one position, 
will act the same way as a system of lenses does. For the pre- 
diction of image position and of optical magnification of a sym- 
metrical optical system, it is sufficient to investigate the pro- 
cedure of paraxial rays in any meridian plane containing the 
axis. A paraxial ray is a ray whose path lies very near the 
optical axis of the system, so that the sine of the angle between 
the path and the axis can be taken as equal to the angle. Taking 
into consideration the rays which are making larger angles with 
this axis brings out a number of secondary effects such as 
aberrations and involves considerably more work. In what fol- 
lows, except when specified, the discussion is limited to paraxial 
rays. 

For the prediction of a path of a single electron through a 
known electric or magnetic field in high vacuum, the laws of 
classical dynamics are sufficient. The general motion of elec- 
trons may be governed by, say, modern quantum theory, but 
since the concentrations of thermionically emitted electrons are 
very small, the principles of classical dynamics still apply to 
them. Eichardson expressed this in nearly the same words as 
early as 1916 and just lately Professor Kennard showed defin- 
nitely and with help of all the up-to-date information, that unless 
the distances between the electrons in a given phenomena are 
of the order of their radii, the classical dynamical laws apply 
and are sufficient for a detailed study of the phenomena. This 
simply means that we are justified in treating electrons as par- 
ticles of known mass; the light phenomena are best explained 
by means of wave analogy. 

Many years ago, Newton explained all the laws of geometric 
optics by means of particles. We are interested only in geo- 
metric electron optics. The Newton optics then apply for the 
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prediction of the behavior of electrons in high vacuum and 
when forces between the particles are of a negligible magnitude. 
When these forces are of noticeable magnitude, certain simple 
precautions are needed, and the Newton optics still apply. 

A general solution of the path of an electron through a known 
electrostatic field is briefly^ as follows (see Fig. 2) : Suppose an 
electron, moving with a velocity Vq enters a space, the electro- 
static potential V of which is known at every point of the space. 
The force on the electron by the field will be 6 V F, where e is 
the charge on the electron. The resultant acceleration is then 
c& = V Ve/m, 

The electron while going through a portion of the path As will 
undergo a change of velocity Av and its velocity will become 

= 2^0 + Ai; 


where Av is found as follows 


Av = a dt. 

The actual path of the electron is given by the expression 
A5 = V(f, + 


^ dt ^ a dt. 


The velocities and the path of an electron through a known nonuni- 
form electric field can be computed by successive approximations. By 
taking As of a magnitude small enough to consider the gradient V V 
as of a constant value throughout this element of path, the above equa- 
tions can be very much simplified, becoming 

Av = We/m t 

and, 

As == vot + l/2\jVe/7nt^ 

where i i_s the time duration of the electron going through the path As. 

The older cathode ray tube technique utilized the magnetic 
method of focusing. The present-day practice, especially on 
tubes for voltages lower than 10,000 volts on the second anode, 
is to use the electrostatic ^method almost exclusively. Therefore, 
in our discussion we shall limit ourselves to this method after 
mentioning, however, that there is no difference between the 

4 A practical method of making actual computations is given in Ap- 
pendix I. 
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two methods in fundamentals (as was shown in the mentioned 
works of Bush) and all the derivations made for the electro- 
static electron lenses could be easily modified for magnetic 
focusing. 

Bush defined an electron focusing system. He showed that 
any system of electric or magnetic fields will bring an electron 
beam to a focus provided the fields have an axial symmetry with 
respect to the beam. Restricting this statement to electrostatic 
fields, it can be easily seen that the only fields possessing such 
symmetry are produced by electrodes having geometric axial 



!X 

Fig. 2 — Equipotential line plot of the main focusing field. 

symmetry, such as coaxial cylinders, combinations of cones, 
disks with apertures, rings arranged in the manner shown, etc., 
as on Fig. 3. It is customary to arrange these fields in such a 
way as to have regions of equipotential space in the regions 



Fig. 3 — Axial cross sections of focusing electrode combinations. 

just adjacent to the focusing fields of the electronic lenses. The 
focusing fields are extremely difficult to compute, but are quite 
easy to determine by making enlarged water-emersed models'^ 
and surveying the fields by means of a probe connected to a 
sensitive voltage bridge. The authors utilized a number of plots 
taken by L. B. Headrick of the RCA Radiotron Company’s lab- 
oratories, whose cooperation in this work is hereby acknowl- 
edged. 

A typical plot of this kind is given on Fig. 2. The path of an 
electron through such a field can be computed by the method 
outlined earlier in this paper. A step-by-step method of succes- 
sive approximations is recommended. It is the only workable 
way to do the job, since we are dealing .with a field of continu- 
^ Electronics, June, (1932). 
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ously varying potential. In normal optics we seldom deal with 
such lenses, except in the case of the crystalline lens in the 
human eye. The reason for saying that this is the only suitable 
method for solving the path of an electron through an electron 
lens is the fact that the problem with which we are dealing is 
a rather difficult one. One way of stating it is in the form of two 
related integral equations. 

Referring to Fig. 2, if the position of the electron at any time 
be denoted by its two coordinates r and 2 :, then the equations of 
the path are as follows : 


~ Sff e/m V: 


?n VzVdt dt 

Vdt dt 


where, V = /i(r, z) 

and, t == Fir, z) 

where, VrF == /2(r, z) 

and t = F{r,z). 


So much for the general case. The case of paraxial rays is much 
more simple, especially because of the fact that only the axial 
distribution of potential is needed for its solution. 



From a plot of equipotential surfaces such as on Fig. 2, we 
can take the values of the potential V along the axis and plot it 
as a function of z, as shown on Fig. 4. Then from this plot of 
V we can graphically compute the values of gradient of the 
potential V along the axis. It is dV/dz, In Appendix II it is 
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shown that the value of the radius of curvature of the equipo- 
tential surface through a point on the axis if given by the relation 



Fig. 5 — Relation between axial and radial potential gradients. 

The function /"(s) or d-V/dz^ is also easily obtained graphically 
from the plot on Fig. 2. 

For a paraxial case there is a very simple relation which is 
evident from Fig. 5, between the radial and axial gradients : 


VrF:r= ViFriJ which can be transformed as follows: 


„ ,, V,F f'{z) S"{z) 

VrF = r = r ; = l/2r/"(z) 

R 2f{z) 

where r is the radial distance of the paraxial electron from the axis. 
The radial acceleration of an electron is therefore 


dV 1 e dW- 

= — — r but 

dt^ 2 m dz^ 


= 4/2- 

r m 


dz d / dr dz 


dt^ dt dz \dz dt 

dh 1 1 dW 


e dh 

= 2— F 

m dz- 

1 1 dr dV 

2 F dz dz 


1 1 dW 

— r dzdz 

4 F dz2 


e dr dV 
m dz dz 


1 1 dr dV 

'2 'v Tz~ll 


On Fig. 4 a complete paraxial electron path computed by 
the above described method is shown. 

One thing is important to note, that a close examination of 
the relation just given shows that the path depends only on r, 
z, and relative F, which in turns means that it depends on the 
geometry of the field and focusing voltage ratio only, and that 
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the units of voltage and length can be arbitrarily chosen since 
all the converting factors and e/m drop out. Also the relation 
just given is a proof that an electron moving with a velocity 
corresponding to a drop through a voltage Vi, and going through 
an electrostatic field caused by a potential difference V2 — Fi, fol- 
lows a path, which is independent of the individual values of 
Vi and V2. This path is completely determined by the ratio 
Vo/Vi and by the configuration of the electrodes to which these 
potentials are applied. This is a fundamental theorem of elec- 
tron optics. It means that once we have a given configuration 
of electrodes and a fixed position of the object and the image 
screen, the image will always come to focus on that screen at 
the same ratio of voltages on the electrodes. 



Fig. 6 — Optical constants of a thick electron lens. 


On the basis of the foregoing discussion we may state that 
if we know the distribution of the potential on the axis of an 
electron lens, we may compute the path of any paraxial electron 
through it. Now if we compute the paths of two paraxial elec- 
trons entering the field under consideration from opposite direc- 
tions and both parallel to the axis, we shall have all of the optical 
constants of such lenses determined. Naturally the electrons 
must enter the field with velocities corresponding to the equi- 
potential spaces from which they enter the field. 

Planes normal to the axis and passing through the points of 
intersections of the original directions of the respective electrons 
with the directions of their emergence from the field are called 
the principal planes of the optical system. Points of intersection 
of the directions of emergence and axis of symmetry are called 
the focal points of the system. The distances between the focal 
points and the respective principal planes are called focal dis- 
tances. As seen from Fig. 6 these locations or “cardinal points” 
and distances (which constitute the set of optical constants of 
the system) are closely related to the object and image distances. 
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By plane geometry we find the following relations 

m = alb = V/f 2 = fjU (1) 

fih = UV (2) 

where m is the value of optical magnification. 

So much for the general electron optics. We shall have to 
come back to it again when we consider the performance of the 
complete gun. 

Thboey op Electron Gun 
Cathode and Emission 

We already mentioned that the cathode of a modern cathode 
ray tube is usually made in a tubular form with a flat emitting 
surface at its end and is indirectly heated by means of a coiled 
tungsten filament on the inside of the metal tube. The emitting 
surface is oxide coated. From the standpoint of electron optics, 
our source of rays is a plane. The electrons are emitted from a 
plane in accordance with Maxwell’s law. There has been some 
question regarding the correctness of the law, which caused the 
authors to perform a number of computations of cases which 
could be easily checked by simple experiments. Results of these 
checks have convinced the authors that whether or not the law 
describes the phenomena completely, it can be considered as a 
law from the gun designer’s standpoint. Various investigators 
claim that the total number of electrons emitted is predicted in- 
accurately by Maxwell’s law, but in practice this number varies 
such a great deal with the methods of application and formation 
of the oxides that the theoretical number emitted is of very little 
interest. The point of great interest is the velocity distribution, 
and this Maxwell’s law predicts very accurately. 

One of the simple experiments made by the authors will be 
described. Two parallel metal disks about five centimeters in 
diameter were spaced one centimeter apart in high vacuum. A 
center point (or as nearly a point as practicable) was covered 
with an oxide preparation and heated to a normal cathode tem- 
perature. The inside surface of the second plate was covered 
with fluorescent material and a potential of 1000 volts was 
applied between the two plates. The electrons from the emitting 
point produced a luminous spot on the fluorescent plate. The 
diameter of the spot was then calculated from the Maxwellian 
distribution of velocities and was found to be the same as ob- 
served within the accuracy of the measurements. The density 
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distribution of the electrons arriving at the fluorescent screen in 
the case just described is shown on Fig. 7. 



Fig. 7 — Computed electron density distribution for the experimental check of 
Maxwell’s law of velocity distribution of electron emission. 

Control 

For many purposes for which cathode ray tubes are used it 
is necessary to vary the intensity of the beam. It is easiest to 
do so when the electrons have low speeds and so the controlling 
element is placed near the cathode. There are various methods 
of control, but this paper will limit itself to aperture control as 
is the practice of today. The controlling element is usually called 
a grid, although no gratings or perforations may be present, 
as indicated in Fig. 1. 

The action of the control aperture is twofold. It applies a 
negative potential near some parts of the cathode and so pre- 
vents any electrons from leaving these parts and, together with 
the first anode and cathode, it forms an electronic lens which is 
of great importance in determining the spot size. Fig. 8 shows 
the potential distribution near the cathode of a particular gun 
for zero and — 30 volts on the grid. It is seen that in Fig. 8 (B) , 
for — 30 volts bias, only the center portion of the cathode is 
emitting and the negative voltage near the outer edges of the 
cathode prevents any electrons from leaving the cathode. In the 
case of Fig. 8 (A) nearly the entire cathode is emitting. 

The space charge near the edge of the beam at the cathode 
further reduces the area of emission. This will be seen a little 
later under the discussion of space charge. 

Fig. 8 shows the equipotential lines comprising the thick 
electronic lenses just mentioned and it is seen that one of the 
disadvantages of aperture control is the fact that the lens is 
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changed whenever the intensity of the beam is varied, so that 
the spot on the target will vary somewhat with intensity. 

The action of this electronic lens is rather complicated. One 
of the difficulties lies in the fact that the density of the electrons 
in the beam is sufficiently large so as not to be negligible. This 



Fig. 8 — Equipotential surfaces in proximity of cathode. 

is especially true close to the cathode where the electron velocity 
is low. Later in this paper a method for computing the effect 
of space charge will be outlined, and some of the results obtained 
will be given. At present an analysis of the action of the field 
near the cathode will be made, neglecting space charge. The 
effect of space charge does not radically alter the action of the 
lens. 

An analysis of the focusing field near the cathode may be 
made by determining the cardinal points of the centered system 
of spherical refracting surfaces given in Fig. 8. This is some- 
what involved by the fact that the electrons incident on the lens 
are not moving with constant speed. The cardinal points will, of 
course, depend upon the particular initial speed assumed. This 
corresponds to chromatic aberration in the case of light. To 
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determine the effect of chromatic aberration, it is necessary to 
obtain the cardinal points of the field for several different initial 
speeds of the electrons. Some deductions regarding the chro- 
matic aberration can be made directly by inspection of the equi- 
potential line plots of Fig. 8. Thus, in the case of zero bias, 
the two-volt equipotential surface is very close to the cathode 
so that, regardless of the initial speed (zero to 0.35 equivalent 
volt) the electrons almost immediately assume speeds ranging 
from 2 to 2.3 equivalent volts and so the chromatic aberration 
will be small. In the case of the — 30-volt bias, the chromatic 
aberration is much larger. 



INinffL SPE£D or BieCTKONS IN tOUNNLiNT '^iCXS 

Fig. 9 — ^Variation of first focal length with initial speed of electrons; second 
focal length does not vary and is equal to 0.38 centimeter. 





iNiTiRL SPIED or riecmoNs in eoufVPL&NT vclts. 

Fig. 10 — ^Variation of position of cathode image with initial speed 
of electrons showing the chromatic aberration. 

In Fig. 9 are given the focal lengths, /i, computed for sev- 
eral values of initial speeds of electrons for the — 30-volt bias 
case. An interesting fact is that the effect of the initial speeds of 
chromatic aberration is to alter the cardinal points of the object 
space only; the cardinal points of the image space, viz., and 
Hi, are not appreciably altered even up to 0.5 equivalent volt 
initial speeds. 

Taking the cathode, the source of the electrons, as the object, 
we can compute the position of the image of the cathode by 
means of (1) and the magnification by means of (2). Perform- 
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ing the computation for the — 30-volt bias case, there results a 
different image distance for each different initial electron speed 
assumed. In Fig. 10 are given the positions of the cathode image 
for several initial electron speeds. It is seen that the chromatic 
aberration is considerable. 
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Fig. 11 — Cai’dinal points of first electron lens. 


The cardinal points of the first lens for a particular set of 
voltages on the electrodes and initial speed of electrons are 
shown in Fig. 11. 

A further analysis of the focusing field near the cathode may 
be made by calculating the paths of several special electrons. 
The paths of two electrons, one having the initial rsidial velocity 
of -f 0.35 equivalent volt, and the other of — 0.35 equivalent volt 
(normal velocity assumed zero) was determined. Their paths are 



Fig. 12 — ^Analytical determination of electron beam 
boundary in proximity of cathode. 


shown by curves (1) and (2) of Fig. 12. The paths of all the 
electrons emitted from this point on the cathode having initial 
radial velocities of less than 0.35 equivalent volt will lie in the 
region included between these two paths, and, similarly, no elec- 
trons of the assumed initial velocities emitted by the portion of 
the cathode above the axis will cross the path of the uppermost 
electrons when it is above the axis. Paths (3) and (4) of Fig. 
12 are the corresponding paths below the axis. 
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Now consider the point A. Through point A pass electrons 
(1) and (4). Similarly, electrons of suitable velocities coming 
from every point of the cathode pass through point A. Point A 
is, therefore, a new source of electrons; similarly with point B 
and with every point of the cross section AB. The cross section 
AB is thus a new source of electrons and has been called the 
crossover, for lack of a better name. Thus AB can be considered 
as an object to be imaged and the position and size of the image 
can be found by extending rays (1) and (4) backward until they 
meet in C ; then C is the virtual image of A. Similarly, D is the 
virtual image of B. It is this virtual image of the crossover that 
is focused on the screen when the spot is a minimum. 

Space Charge 

If the space charge is negligible, then the path of an electron 
can be determined from the equipotential line plot shown in 
Fig. 8. If, however, the space charge is not negligible, then the 
potential distribution in space is no longer given by Fig. 8, but 
by a modified distribution. To find this modified distribution, 
it is necessary to find the potental distribution in space due to 
the space charge and the charges induced on the electrodes by 
the space charge, and add this to the distribution shown in Fig 
8. Having the modified field, we can forget space charge and 
proceed as though there were none there. 

The equations necessary for the calculation of space charge 
are given in Appendix III. In this part of the paper only a gen- 
eral outline of the procedure used in obtaining the potential 
distribution in space due to the electron beam will be given and 
some of the results obtained presented. The process is as fol- 
lows : 

(1) Neglecting space charge, the shape of the beam near the 
cathode is obtained from the paths of several electrons through 
the fields of Fig. 8, or the shape of the beam may be experimen- 
tally determined. In Fig. 13 is shown the shape of the beam 
obtained from the paths of several electrons. 

(2) From the equipotential line plot and the initial velocity 
of the electrons, the velocity of any electron at any point may 
be calculated. Knowing the velocity of the electrons, the shape 
of the beam and the current in the beam, the density of charge 
at any point may be calculated. Fig. 14 gives the charge density 
along the axis so calculated. 
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(3) From the charge density and the shape of the beam the 
potential at any point due to the beam can be calculated. Curve 
(1) Fig. 15, gives the calculated potential along the axis due to 
the beam. 



Fig. 13 — Envelope of an electron beam. 



Fig. 14 — Charge density along the axis of an electron beam. 


(4) The charges induced on the electrodes are then cal- 
culated and the potential distribution in space due to these in- 
duced charges is obtained. Curve (2) Fig. 15 gives the calculated 
potential along the axis due to the charges on the electrodes 
induced by the space charge. 




Maloff and Epstein: Theory of Electron Gun 


325 


(5) The difference between the potential distributions 
obtained in paragraphs (3) and (4) above gives the potential 
distribution that is subtracted from that of Fig. 8 to get the 
distribution sought. Curve (3), Fig. 15, gives the potential along 
the axis obtained as the difference between curves (1) and (2). 



Fig. 15 — Curve (1) potential along the beam axis due to beam itself. 

Curve (2) potential along the axis due to induced charges. 

Curve (3) difference between the two (half scale) . 

If a better approximation is desired, it is necessary to repeat 
the process starting with the potential distribution obtained in 
step (5) instead of the distribution of Fig. 8. 



Pig. 16 — Effect of the space charge on the potential distribution of first lens. 

The solid lines of Fig. 16 give the distribution without space 
charge, i.e., the distribution of Fig. 8, and the dotted lines give 
the potential distribution after the space charge has been ac- 
counted for. 
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Main (Second) Focusing Field 

The divergent beam leaving the first focusing field strikes 
an aperture about midway in the first anode. This aperture 
serves as a stop to remove all the stray electrons on the periphery 
of the beam. The beam then enters the second or main focusing 
field. An equipotential line plot of the main focusing field is 
shown in Fig. 2. 

When the electron beam enters the second focusing field, the 
electrons in the beam are already traveling at high velocity, and 
the cross section of the beam is such that the electron density of 
the beam is small so that the force exerted by the electrons in the 
beam on any electron is negligible. Hence the effect of space 
charge may be neglected in making an analysis of the second 
focusing field. 


Fig. 17 — Positions of cardinal points of second focusing field. 

Inspection of Fig. 2 will convince one that near the axis the 
equipotential surfaces are portions of spheres. Hence, the sec- 
ond focusing field may be considered as a centered optical system 
of spherical refracting surfaces. As in the case of light, the 
focusing action of the field is obtained by considering only par- 
axial electrons. The effects of the nonparaxial electrons are then 
described as aberrations or failure of the electrons to arrive at 
the points calculated from the paraxial assumption. 

The cardinal points of the second focusing field are found 
by the method previously outlined. Fig. 17 shows the positions 
of the cardinal points of the second focusing field of a kinescope 
for one set of voltages. In this diagram Fi and Hi are the focal 
and principal planes of the object space ; Fa and the focal and 
principal planes of the image space; Hi and Ha are the nodal 
points of the object and image space, respectively. The focal 
lengths /i and /a are then defined as 


HiF 1 — /i, HaFa = /a 

Further, let P in Fig. 18 be an object point and Q its image 
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and denote PF i by [7 and F 2 Q by V. Then as has already been 
given 

This equation determines the position of the image V providing 
the position of the object U and the focal lengths A and A are 
known; or it determines the position of the object ?7, if the loca- 
tion of the image and the focal lengths are known. 

As already mentioned, the magnification of the focusing field 
is then determined from the relation 


m 


A V 


( 1 ) 


It is to be noted that the second focusing system is one with 
crossed principal planes and that the first focal length is smaller 
than the second focal length. This result is not surprising if it is 
remembered that the indexes of refraction® on the two sides of 
the focusing system are different. 



Fig. 18 — Object and image positions and cardinal points of the first field. 

For a given first and second anode diameter the cardinal 
points are determined solely by the ratio of second anode to first 
anode voltage. The actual value of the first or second anode 
voltage does not affect the cardinal points of the field, it is only 
their ratio that matters. In the design of a kinescope, however, 
the actual voltage on the anodes does matter, for although it 
does not affect the cardinal points of the focusing system, there 
are other factors in the tube which it does affect. Thus the bright- 
ness of the spot depends upon the actual voltages. Fig. 19 gives 
the variation of the first and second focal lengths with the ratio 
of second anode to first anode voltages. 

In a given kinescope, the fluorescent screen is at a fi.xed dis- 
tance from the end of the gun, say 30 centimeters. This fixes 
the position of the image, V, as 30 — Fz- Knowing A and A, the 
object distance, U, may be calculated. Thus, with the position of 

® As in the case of light, the relative index of refraction of two media is 
defined as the ratio of the velocities of the electrons in the two media and is 
given by At = V Yz/Vi where Vz and Fi are the potentials of the second and 
first media, respectively. 
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the image fixed at the screen 30 centimeters away from the gun, 
the changes in location (along the axis) of the object due to 
changes in the focusing voltage ratio may be computed from (2) . 
The result is shown in Fig. 20 where it is seen that as the voltage 
ratio is decreased, the location of the object that is focused on 
the screen 30 centimeters away from the end of the gun, is moved 
further and further away from the screen. 



Fig. 19 — Variation of optical constants of an electron gun with 
ratio of voltages on first and second anodes. 

Similarly, by the use of (1) the magnification of the second 
focusing field for any given voltage ratio may be computed. The 
result is shown in Fig. 21 where it is seen that as the voltage 
ratio is increased, the magnification of the object, which is 
focused on the screen 30 centimeters away from the end of the 
gun, is increased. Fig. 22 shows how the magnification varies 



Fig. 20 — Variation of object distance with voltage 
ratio keeping image distance constant. 

with the position of the object, assuming the image to be on the 
screen. 

Although Figs. 20 to 22 apply only in case the screen is 30 
centimeters away from the end of the gun, similar curves can be 
obtained for any distance between screen and gun from the 
curves of Fig. 19, giving the cardinal points of the field, and (1) 
and (2). 
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Fig. 19 gives the variation of the cardinal points with vary- 
ing voltage ratios on second and first anode for a given ratio of 
diameters between second and first anode. Similar curves can 
be obtained for other diameter ratios. 

It is of importance to have some measure of the aberration 
of the second focusing field. To determine the spherical aber- 



VOLTAGE RATIO 

Fig. 21 — Variation of optical magnification with, voltage 
ratio keeping image distance constant. 

ration, the path of several electrons moving parallel to the axis 
at different distances from the axis is computed. The method 
of computing the path of a nonparaxial electron is given in 
Appendix II, Fig. 23 gives the path of several electrons so calcu- 
lated. It is seen that electrons (a), a nonparaxial electron, 
originally on the outside of the beam, intersects the axis at 



POSITION OP 03J£CT 

Fig. 22 — ^V ariation of optical magnification with position of 
the object keeping the image distance constant. 

while electron (&), a paraxial electron, intersects the axis at F 2 . 
The distance LJFi is a measure of the axial spherical aberration 
of a direct cylindrical bundle of incident electrons. The chro- 
matic aberration of the second focusing field is negligible. 

Although only the cylinder type of focusing electrodes has 
been considered so far, they are by no means the only ones that 
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may be treated in the above manner. Cardinal points can be 
obtained, in the above-described manner, for any focusing sys- 
tem having axial symmetry. 

It is interesting to follow what is being focused on the fluor- 
escent screen as the second anode voltage is varied, everything 
else remaining unchanged. If the second and first anodes are at 
the same potential, then there is a poorly focused inverted image 
of the cathode on the screen ; as the voltage on the second anode 



Fig. 23 — Determination of spherical aberration of an electron lens. 

is increased, the distance between the cross section being imaged 
and the second focusing field is decreased. As this distance is 
decreased, so is the diameter of the cross section being imaged. 
This continues until the image on the screen is that of the virtual 
image of the crossover ; at this position the diameter of the cross 
section is a minimum. 

As the second anode voltage is further increased, the spot 
on the screen increases as the cross section of the object being 
imaged increases. As the second anode voltage is still further 
increased, the image on the screen is that of the image of the 
cathode produced by the first focusing field ; this image is, how- 
ever, erect and a much better one than the inverted one produced 
when the second anode voltage is nearly that of the first anode. 

Conclusion 

It is only by considering the fields as thick lenses with indexes 
of refraction different on the two sides of the lens and variable 
inside the lens that we can obtain a fairly true picture of the 
mechanism of the tube, and so obtain sound information for de- 
sign purposes in general. 
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For particular purposes a thin lens can be used. Thus it is 
possible to assign to a thin lens focal lengths and positions so 
that correct image distances and magnification values can be 
calculated for a limited range of voltage ratios and image dis- 
tances. As soon as this limited range is exceeded, it is necessary 
to find another thin lens with different focal lengths and probably 
another position. This lens will serve for another range of values 
and so on, until the entire range is covered. 

The fact that different thin lenses will be required for dif- 
ferent ranges would not be so objectionable. The real difficulty 
is in determining the right constants for different thin lenses 
and the exact region to which these constants apply. 

For a real story of the performance of the gun, the theory of 
thick electron lenses seems to be the only satisfactory tool of 
analysis. 

Appendix I 

Approximate Calculation of the Path of an Electron through any 
Electrostatic Field with Axial Symmetry 

Due to the axial symmetry the path of an electron through a ' 
field such as shown in Fig. 2 can be considered as a two-dimen- 
sional problem. From Fig. 2 it is seen that the force acting on 
an electron varies throughout its path. If, however, two equi- 
potential lines are sufficiently close together both in distance and 
potential, the force acting on an electron in this interval can be 
taken as constant throughout this interval. The constant field 
is given by AV/AS where AF is the difference in potential 
between the two equipotential lines and AS is the shortest dis- 
tance between them at the place under consideration. Hence the 
force acting on the electron during the time it is between the 
two equipotential surfaces is 


F 




( 1 ) 


This equation, after being broken up into its components, becomes 


d-r 


m 


df 


AV 

e sin 6 

AS 


d-z ’ AV ‘ 

TO = e cos 6 

dt^ AS 


( 2 ) 
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where 9 is the angle between the direction of the field (or A/S) and the 
axis. Now sin B^tq/p and cos 0== roVp where p is the radius of 
curvature obtained by averaging the radii of the two surfaces and ro 
is the value of r at the first surface. Hence equations (2) become 


e Ay ro 

= = Ki = constant 

dP m A/S p 


d}z e AF Vp^ — ^0^ 

/<;2 = constant. 

dt- m AS P 


Integrating once 


dr 

Kd + 
di 


— — Kit + 
di 



Integrating once more 

Ar - r - ro - l/2Kit^ + (—^ t 

\ dtJo 

As = 2 — 2o == 1 /2K2t'^ + ( — t 

\ dtJo 


(3) 


(4) 


5) 


where Zq, Tq, (dz/dt)Q, and {dr/dt)o represent the given location 
and velocity of the electron at the first surface. To find the 
location and velocity of the electron at the second surface it is 
necessary to solve (4) and (5). To do this the time t which 
the electron spends between the two surfaces has to be known. 
This time can be determined in any number of ways. In prac- 
tice, with the attainment of a little skill, one can, in a single 
trial, estimate the time surprisingly accurately by using the 
relation AS/v as a guide; in this relation v is the average speed 
of the electron in the interval. The time may be calculated from 



+ 2 


( / dr\ / dz\ ) 

— )+I^2(— ) U 

{. \ dt/Q \ dt/o j _ 


eAF (6) 


the relation obtained from the law of conservation of energy. 
The calculation of the time by means of this relation becomes, 
however, quite laborious. 
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Having t, the position and velocity of the electron at the 
second surface is known and the process is continued until the 
path of the electron through the entire field is determined. 

The case of a paraxial path is much simpler. As dr/dt«dz/dt, 
AS = Az, and t is entirely determined by the relation Az/v. 
It is only necessary to compute r and dr/dt from the first equa- 
tions of (4) and (5). The work required for the calculation of 
a paraxial path is less than half of that for an actual path. 


Appendix II 

The Determination of the Radii of Curvature at the Axis of a 
Coaxial System of Equipotential Surfaces 

If, for a system having axail symmetry, the value of the 
potential and its derivatives along the axis are known, then the 
value of the potential off the axis can be obtained from the 
expansion.^ 


r) - /w - 


( 1 ) 


where f{z) — V (zj o) is the value of the potential along the axis. 

If the equipotential' lines such' as shown in Fig. 2 are given in the 
form 


V{z, r) - C = nzy 0=0 
then the expression® for the radius of curvature is 






^ ^ d^F dF dF d^-F / dF'\^ 

dzdr dz dr dr’^ \ dz ) 


dz^ \ dr ) 


( 2 ) 


(3) 


7 H. Bateman, “Part. Diff. Equ. of Math. Physics,” pp. 406. 
s “Smithsonian Mathematical Formulae,” p. 38. 
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For points along the axis there results from (1) and (2) that 


dF{z, r) 

dV{z, r) 

= " ’ = 0 
dr 

dr 

d^F{z, r) 

dV(Zj r) 

= - 0 
dzdr 

dzdr 

dFiz, r) 


dz 

dz 

d^F{z, r) 

dWiz, 0) 

dz^ 

dz^ 

d^F{z, r) 

d^Viz, r) 1 


~ dr^ ~ 2 






(4) 


By substituting (4) into (3) the expression for the radius of curvature 
along the axis becomes 


dVjz, 0) 

“ dW(z, 0) ~ f'iz) ' 

dz^ 

Appendix III 

Approximate Calculation of Space Charge 

Due to the form of the equipotential surfaces near the cathode, 
the electrons on the periphery of the beam are moving slower 
than those near the axis of the beam. The density, therefore, 
increases with the distance from the axis. Along the axis the 
density varies as that shown in Fig. 17. The exact problem of 
determining the potential distribution in space due to the dis- 
tributions of charge, as that existing in the beam, is almost 
hopeless. 

The problem was approximately solved by considering only 
small portions of the beam at a time. The small portions were 
chosen so that in each portion: (a) the beam is either a disk or 
cylinder; (b) the density along the axis is either constant or 
varies linearly; and (c) the density normal to the axis is either 
constant throughout, or the disk or cylinder of charge can be 
obtained from the superposition of several disks or cylinders of 
various radii and charge densities. 
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To calculate the charges induced on the electrodes, the poten- 
tial at the electrodes due to the charges in the beam was obtained 
and the induced charges were so determined so as to reduce this 
potential to zero. The induced charges were assumed to be in 
the forms of disks and rings of charges of constant density. It 
was later found that the effect of the induced charges for the 
— 30-volt bias case can be obtained to a sufl&cient degree of ac- 
curacy by assuming the cathode to be an infinite plane and con- 
sidering the induced charges to be the image of the charges in the 
beam. 

The equations found most useful in the calculation of the 
potential distribution due to the space charge are : 

(a) The potential along the axis due to a cylinder of charge 
of constant density p, of length 21, and radius a, is given by 



l)“ + a- + {l- x) \/ix - 1)?. + a^-- 4.rZ 


4- log 


{V(a:-0.- + a^ + a-a:)j -| 

{V {x + ly- + - {1 - x)} J 


(1) 


where x is measured from the center of the cylinder 


(b) The potential at any point (r, d) due to a disk of total charge 
Q and radiu.s a is 
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(c) The potential at any point (r, d) due to a circular ring of small 
cross section of total charge Q and radius a is 


a 


a 1 / a Y 


V = - — PaCcose) 
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a 

+ 


1.3/ a 
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j r > n 
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r < a. 


(d) The potential at any point due to a line of charjjjc of total 
charge Q and length I is 


F - 



r + r' + / 
r + r' ~ / 


(4) 


where r and r' are the distances from the point under consideration and 
the two ends of the line of charge. 

(e) The potential at any point due to a point charge Q is 


V = 


Q 


r 


(5) 


Equations (4) and (5) are used if the point at which the potential 
is desired is sufficiently far from the charges under consideration. 
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T he discoveries of the electron and of electron emission 
and the develoment of means of controlling the electron 
emission, opened a wide way which led to the present day 
radio broadcasting, sound recording and communication sys- 
tems in general. In exactly the same way the gradual develop- 
ment of means for concentrating electron beams and especially 
the development of means for controlling these beams in inten- 
sity and direction, are directly responsible for the present day 
television systems of high definition. 

An electron beam is a narrow pencil of negatively charged 
particles moving with great velocities of the order of 30,000 
miles per second. While electron beams were discovered and used 
as early as the end of the last century, it is only in the last 
decade that their properties were understood, and means for 
their generation and control were developed. 

A television system of high definition, just as any television 
system, must have several component parts. 

Fig. la shows a block diagram of a practical television sys- 
tem. 

It has been shown time after time that in order to transmit 
a picture over wires or radio it is necessary to split the picture 
having two dimensions, namely, height and width, into one 
dimension of length. In other words, we have to scan a picture 
in order to transmit it, and moreover we have to scan syn- 
chronously the picture at the receiver and to vary the intensity 
of the spot at the receiver in synchronism with the variation 
of brightness under the scanning spot at the transmitter. 

The only difference between television systems of high and 
of low definition is in the degree of detail transmitted and re- 
ceived. The old mechanical systems are satisfactory for televiz- 
ing pictures having definitions up to 100 lines and reach their 
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limit of definition somewhere between 100 and 200 lines. High 
definition systems employing electron beams have hardly a limit 
to their capability of definition. The limitations on these are 
imposed chiefly by the associated communication apparatus. 

On Fig. lb a block diagram of a complete sound communica- 
tion system is shown. The only essential difference between the 
two systems is the fact that a television system requires syn- 
chronizing arrangements while a sound system does not. Out- 
side of that, the similarity is striking. 
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True, the amplifiers have to pass frequency bands of differ- 
ing widths, but in all essentials the systems are alike. Both 
systems pick up forces affecting our senses and translate these 
forces into electrical intensity vs. time variations ; both systems 
pick them up at low levels and have to use vacuum tube ampli- 
fiers in order to bring them to levels suitable for transmission 
over distance; both systems may or may not use carriers to 
transmit the intelligence over the distance by means of either 
the air or cable. On the receiving end, both systems have to 
demodulate and amplify the received signals to bring them to 
the required power levels and then, by means of suitable trans- 
ducers, reproduce the forces similar to those which were origi- 
nally picked up. 

The microphone in the sound system corresponds to the 
“Iconoscope” in television, and the power output stage and the 
loud speaker similarly correspond to the cathode ray tube with 
its electron gun and fluorescent screen. 

While both the “Iconoscope” and the cathode ray receiving 
tube, or the “Kinescope” employ electron beams, the structure, 
operation and characteristics of the two are widely different. 
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In this discussion we will deal with the “Kinescope” or the 
cathode ray television receiving tube, with its construction, char- 
acteristics and operation. 

The “Kinescope” 

A typical “Kinescope” is shown on Fig. 2. 

It consists essentially of five component parts : first, a glass 
envelope, sealed for maintenance of high vacuum; second, a 



cathode from which the cathode rays or, utilizing the modern 
term, the electrons are emitted ; third, a device for concentrating, 
controlling and focusing of the electron beam; fourth, an ar- 
rangement (either internal or external) for deflecting the beam; 
and fifth, a fluorescent screen on which the received image is 
reproduced. 

The envelope is usually made of glass, strong electrically 
and mechanically, and is designed to withstand atmospheric 
pressure with a large margin of safety. The tube during its 
processing is painstakingly baked and outgassed to maintain a 
very high vacuum of the order of 10"^ cm. of mercury. The early 
tubes were partially gas filled and utilized for beam concentra- 
tion, the space charge resulting from collisions of electrons with 
gas molecules. This so-called gas focusing is rather uncertain, 
since the gas pressure in any tube varies with life. If in a tube 
the focusing of the beam is critically dependent on pressure, the 
useful life of such a tube is short. Most of the modern cathode 
ray receiving tubes are of the high vacuum type where the 
concentration of the electron beam is accomplished by means of 
electric or magnetic fields produced between electrodes and 
poles. The vacuum treatment of the modern tubes is such that 
even at the end of the tube’s life, that is, when the cathode 
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emission has fallen off, the vacuum is still sufficiently high so that 
collisions between electrons and molecules of the residual gas 
seldom occur. 

The cathode is of a tubular form with a flat emitting sur- 
face covered with a preparation of barium oxide. Only the flat 
end, facing the fluorescent screen, is covered with the electron 
emitting material. A tungsten heater, non-inductively wound 
and insulated with a heat resisting material, is located inside of 
the tubular cathode. 

The electron gun, or the device for concentrating, controlling 
and focusing of the electron beam, consists of a grid sleeve, and 
a first anode. Sometimes it includes another electrode, usually 
called screen grid, not essential for operation and not shown 
on the figure. The grid sleeve is of a tubular form with a disc 
parallel to the flat emitting surface of the cathode. A circular 
hole in the center of the disc is coaxial with the cathode sleeve. 
The first anode cylinder coaxial with the rest of the system is 
usually mounted by means of insulators on the grid sleeve. It 
carries diaphragms or aperture discs on the inside for stopping 
or limiting the beam angle and for limiting the penetration of 
electrostatic fields. The glass envelope of the “Kinescope” carries 
a black conductive coating on its inner side and has a sealed-in 
conductor leading to this coating. The conductive coating forms 
the last or the second anode. The final electron accelerating 
potential is applied between the cathode and the second anode. 

The purpose of the first anode is to stop the beam similarly 
to an optical stop in a lens and to create an axially symmetric 
electrostatic field which would start the initially divergent elec- 
trons of the beams toward the axis. By adjusting the voltage 
on the first anode the fluorescent spot on the screen can be 
brought to a minimum diameter. The voltage on the first anode 
for best focus is usually about 1/4 or 1/5 of that on the second 
anode. 

An electromagnetic system of focusing is shown on Fig. 3. 
A short first anode and the second anode are connected together 
to the source of the final accelerating potential and the concen- 
trating field is produced by a multilayer solenoid coaxial with 
the tube and the gun. 

The fluorescent screen is placed on the inner side of the 
front face of the tube. This face is usually as flat as mechanical 
strength permits. The material is usually either a sulphide or 
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a silicate of zinc and is deposited in a very thin translucent 
layer. 

Operation op the “Kinescope” 

The operation of the tube is as follows: The electrostatic 
field created by the potential applied to the first anode penetrates 
the grid opening and draws the emitted electrons into a well 
defined beam. The grid is usually at a somewhat lower potential 
than the cathode and in this way limits the beam intensity. By 



applying a more negative potential to the grid the beam can be 
completely cut off. After entering the first anode, the beam 
passes through a masking diaphragm which cuts off some of 
the irregular peripheral portion of the beam. Then the beam 
enters the region of the field produced by the difference of poten- 
tials between the first and second anodes. In this field a strong 
focusing action takes place, which gives the electrons a radial 
component of velocity directed toward the axis of symmetry 
of the beam. The radial momentum acquired by the electrons 
is sufficient to bring them, after a flight through the equipoten- 
tial space of the main body of the tube, to a focus at the screen. 

Some of the electrons originally drawn from the cathode are 
cut off by the masking aperture. They return to the emf source 
through the first anode lead. The rest of the electrons strike 
the fluorescent screen. They excite the screen and dissipate 
most of their kinetic energy there. This kinetic energy has been 
acquired by the electrons through acceleration from the very 
small velocities of emission to that corresponding to the second 
anode voltage. 

Some of the energy of the beam is transformed into light, 
some goes into heat raising the temperature of the glass, while 
the rest is spent in knocking out secondary electrons from the 
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screen material. These low velocity secondaries flow in a steady 
stream to the conductive coating of the second anode. An equi- 
librium condition is quickly established, the conductive coating 
acquiring the highest possible potential with respect to the 
cathode while the fluorescent screen slides a few score of volts 
below the potential of the coating. The difference of potentials 
between the fluorescent screen and the conductive coating is 
such that it draws the secondaries to the coating at exactly the 
same rate as the primaries are arriving to the screen. 

Just as soon as the beam leaves the first anode it is sub- 
jected to the action of either magnetic or electric fields for the 
purpose of deflecting the beam in a predetermined manner. 
This deflection is scanning in television. 

There are three ways of scanning, namely: first, by means 
of two electrostatic fields at right angles to each other ; second, 
with two electromagnetic fields also at right angles to each 
other; and third, with an electrostatic and an electromagnetic 
field parallel to each other. It may be remembered at this point 
that the electrostatic field deflects electrons along the lines of 
force and that an electromagnetic field deflects them perpendic- 
ular to the lines of force. 

The electrostatic deflecting plates are usually placed inside 
of the glass envelope while the electromagnetic deflecting coils 
are invariably outside the envelope. 


Scanning Requirements 


Since most of the tube characteristics can be observed and 
measured only while actually scanning, we will take up the 
scanning means first. The purpose and principle of scanning 
have been treated at great length by many writers, so we will 
limit ourselves to the recollection of scanning requirements in a 
high definition television system. 

In our organization we have made a thorough study of this 
subject and the following are some of the conclusions reached.* 
If we qualify and limit the ability to tell a desired story to 
specific conditions, the experience we have had with television 
allows us to make some interesting approximate generalizations. 
If we take as a standard the information and entertainment 
capabilities of sixteen-millimeter home movie film and equip- 
ment, we may estimate the television images in comparison. 


* See papers by E. W. Engstrom, I.R.E. Pkoc. Vol. 22, page 1241, Nov. 
1934, and I.R.E. Pboc. Vol. 23, page 295, April, 1936. 
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iC 

it 

hardly passable 
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S( 

it 

minimum acceptable 

240 

iC 

it 

satisfactory 

360 

i( 

it 

excellent 

480 


it 

equivalent for practical conditions. 


This comparison assumes advanced stages of development 
for each of the line structures. 

We may say therefore that a number of scanning lines in 
the immediate vicinity of 360, say 340, will give a very good 
performance comparable with 16 mm home movie film. 

In motion pictures the taking, or the camera frame frequency 
determines how well the system will reproduce objects in mo- 
tion. This has been standardized at 24 frames per second. In 
television it is assumed that we shall use a frame frequency 
of 24 per second or greater. Since this is satisfactory for motion 
pictures, it is also satisfactory for television and this charac- 
teristic of frame frequency will, therefore, not be considered 
further. 

In the reproduced image there is another effect of frame 
frequency. This is the effect of frame frequency on flicker. 
Motion picture projectors commonly used are of the inter- 
mittent type. The usual cycle of such a projector is that, at the 
end of each projection period, the projection light is cut off by a 
“light cutter”, the film is then moved and stopped so that the 
succeeding frame registers with the picture aperture ; the light 
cutter then opens, starting the next projection period. This is 
repeated for each frame — 24 per second. Since projection at 24 
light stoppages per second with illumination levels used in motion 
pictures causes too great a flicker effect, the light is also cut off 
at the middle of the projection period for each frame for a time 
equivalent to the period that it is cut off while the film is moved 
from one frame to the next. This results in projection at 24 
frames per second with 48 equal and equally spaced light im- 
pulses. Such an arrangement provides a satisfactory condition 
as regards flicker. In television we also may have a reproduced 
image at 24 frames per second, but because of the manner in 
which the image is reconstructed, a continuous scanning process, 
it is not practicable further to break up the light impulses by 
means of a light chopper in a manner similar to that used in 
the projection of motion pictures. We, therefore, have for the 
usual systems of television a flicker frequency which corre- 
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spends with the actual frame frequency (24 per second, for ex- 
ample) . This is satisfactory at very low levels of illumination, 
but becomes increasingly objectionable as the illumination is 
increased. 

It has been concluded that, in a television system, satisfac- 
tory flicker conditions exist if each frame consists of two groups 
of alternate lines and that there should be 24 or above of the 
complete double frames. This so-called interlaced scanning is 
equivalent to 48 or above frames per second as far as flicker is 
concerned. 

At 48 equivalent frames and with a 60-cycle power system, 
the effects of hum or ripple travel across the reproduced image. 
The choice of 60 equivalent frames or 30 interlaced frames per 
second provides a complete solution to the visual requirements, 
i.e., motion, flicker and ripple. 

Accessory Circuits 

If we have to lay out a circuit to receive the television pic- 
ture we have to provide : first, a suitable “Kinescope” with suit- 
able power supply; second, a deflecting yoke for deflecting the 
beam vertically and horizontally at, say, the just-mentioned 
frame and line frequencies; third, for driving this yoke syn- 
chronously with the incoming signal, and fourth, an electric 
circuit to drive the grid of the “Kinescope” to provide the grad- 
ations of brightness on the screen. 

The last item, of course, includes circuits for demodulating, 
amplifying, etc. of the incoming signal. 

So far we have been discussing elementary generalities. 
Let us now consider somewhat in detail the question of the 
accessory circuits and of the arrangements required by the 
output device of a television receiver. 

The first item is: a suitable “Kinescope” with a suitable 
power supply. 

A typical set of characteristic curves of a “Kinescope” are 
given on Fig. 4. It is very similar to that of a four-electrode 
tube. The second anode current /p 2 is shown as a function of 
grid bias ; the current on the first or the auxiliary anode is also 
shown. But there are two quantities on the characteristic which 
do not appear on that of an ordinary vacuum tube. They are 
line width vs. grid voltage and total light vs. grid voltage. 

The line width is measured by means of a microscope with 
a scale focused on an isolated scanning line, when a pattern is 



Maloff: Cathode Ray Tube in Television Reception 


345 


scanned at normal scanning rates. The vertical deflection is in- 
creased until the adjacent lines separate by a centimeter or so. 
The total light is measured by means of a suitable illuminometer. 
The brightness units are rather confusing, just as all the light 
units. It is not hard to remember, however, that a perfectly dif- 
fusing area of 1 square foot and having brightness of one foot 
candle emits 1 lumen of luminous flux. One lumen of luminous 
flux from a flat surface is generated by a source whose intensity 
is l/ir candle power. 



Fig. 4 


The total light in most of the modern tubes is approximately 
proportional to the beam wattage or beam current at a constant 
beam voltage, the coefficient of proportionality being between 
1 and 2 c.p. per watt. The tube, the characteristics of which are 
shown on Fig. 4, has a screen efficiency of 1.5 c.p. per watt. 

Now let us see what kind of picture we can produce on this 
“Kinescope”. Suppose it has a screen large enough to accom- 
modate a 6" X 8" picture. For 340 lines it should have a line 
width of 6/340 = .018", or roughly .5 mm. 

Experience, however, has taught us that the lines can be 
somewhat larger than this theoretical value because the in- 
tensity of the luminous spot falls rather rapidly as we go away 
from the center of it. A reasonable correction factor is about 
1.6 times the theoretical value. This means that we may tolerate 
a line width up to .8 mm. From the characteristic curve we take 
the corresponding value of beam current: 86 microamperes at 
— 14 volts on the grid. The cutoff we And to be — 40 volts. This 
means that a grid swing of 26 volts peak to peak will drive this 
tube from black to maximum permissible high light. 
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From the same set of curves we find that the total light for 
this high light will be about .75 c.p. Now if the picture is 
6" X 8" and we have an entirely white picture, we will get 
.75 c.p. of total light from 48 square inches. This amounts to 
2.36 lumens from i/g of a square foot, equivalent to 7.1 foot 
candles. So the maximum brightness of the high lights in the 
received picture will be 7.1 foot candles. Now, remembering that 
the brightness of a picture in home movies is of the order of 10 
to 20 foot candles, we may conclude that we will have a picture 
of a brightness comparable with that of home motion pictures. 

The useful information which we obtained from the char- 
acteristic curve can be summarized as follows; 

The “Kinescope” under consideration will produce a picture 
of detail corresponding to 340 scanning lines and 30 interlaced 
frames with approximately 7 foot candles in high light and a 
grid swing of 26 volts peak to peak. The power supply will 
have to provide 6000 and 1200 volts and have a sufficient regu- 
lation for 80 microamperes. The adjustable or automatic bias 
supply should go down to — 40 volts. 

Deflecting System Eequieements 

Four factors are important when considering a particular 
arrangement for deffecting or scanning. First, the system must 
require not more than a reasonable amount of power for a full 
size pattern; second, the luminous spot must maintain its size 
and shape when deflected to the edges of the pattern ; third, the 
pattern must not deviate from its normal rectangular shape; 
and fourth, the system must be capable of giving a high enough 
ratio of the picture to return sweep. The properties corre- 
sponding to these requirements are : 

Deflection sensitivity. 

Freedom from defocusing of the luminous spot. 

Freedom from distortion of the pattern. 

High enough overall frequency response. 

The above requirements apply to any system of deflection, 
but the mechanics of magnetic and electrostatic deflection differ 
greatly. Let us consider magnetic deflection. 

The magnetic field for deflecting electron beams is produced 
by combinations of coils and poles which are often called the 
magnetic deflecting circuit. Since to supply power to such a 
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combination an electrical network or circuit is required, the 
latter also has been called the magnetic deflecting circuit. It 
sounds reasonable to call the whole combination ‘‘magnetic de- 
flecting system and its component parts; magnetic driving cir- 
cuit and magnetic deflecting yoke’’. 

While the magnetic field in which we are interested is formed 
in air or vacuum rather, the magnetic deflecting yoke often 
contains iron for the purpose of confining the field and reducing 
reluctances of return paths, thereby reducing the total energy 
stored in the field for a given deflecting effect. 



A magnetic field gives an electron an acceleration at right 
angles to the direction in which it travels. Since it is always 
at right angles the electron cannot change its speed and can 
change only the direction in which it travels. The kinetic energy 
of an electron moving in a magnetic field is a constant quantity 
and therefore the radius of curvature “R” of the orbit can be 
calculated from the law of conservation of energy. It comes out 
as 

mv 

R== 

eH 

where e, m, v and H are charge, mass and velocity of the elec- 
tron and H is the intensity of the magnetic field. Reduced to 
practical units this expression becomes: 

VT 

R = 3.36 

H 

where R is in cm., V is in practical volts, and H is in Gauss or 
in Gilberts per cm. Referring to Fig. 5, let D be the gun screen 
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distance, d be the length of the magnetic field. The magnitude 
of the deflection W comes out as follows : 

Dd — R^ 

= ^ 

VR^ — d- 

If d is small compared to D we get : W — Dd/R 

For a magnetic yoke of increasing length (d), with the in- 
ductance kept at a constant value by corresponding reduction 
in the number of turns, the current required for a given de- 
flection is proportional to the square root of the reciprocal of 
the length of the magnetic yoke. The power required for a 
given deflection and also the energy stored in the magnetic field 
comes out inversely proportional to the length of the deflecting 
yoke. This means that if we can deflect a given beam by means 
of two power tubes, doubling the length of the deflecting yoke 
will require the use of only one tube to accomplish the same 
result. 

A measure of the sensitivity of a particular magnetic de- 
flecting system is the amount of total energy stored in the 
magnetic field for a given full deflection, from one edge of the 
tube to the opposite edge. 

LoP 

S = 

2 

Here S is in joules, L„ is in henries and 1 is in amperes. If 
the picture is repeated n times per second and after each picture 
sweep this energy is dissipated, then the output tube should be 
capable of delivering watts to the yoke. This value, how- 
ever, is not as important as the product in voltamperes of the 
voltage across the yoke during picture sweep by the maximum 
current amplitude thru the yoke. 

The ability of the power tube to supply a deflecting yoke 
has been treated in detail in one of the earlier papers (1932) 
by the author, and will not be repeated here. 

Defects op the Scanning Pattern 

There are two main forms of defects of the scanning pat- 
tern on the screen of cathode ray tubes. The first is defocusing 
of the luminous spot, and the second is the distortion of the 
scanning pattern. By defocusing of the luminous spot is meant 
the change of the size of the spot when deflected. By distortion 
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of the scanning’ pattern is meant the deviation of the pattern 
from its normal rectangular shape. 

The degree to which the above defects may be present in a 
particular deflecting system is determined primarily by the 
shapes and types of the deflecting fields. There are two more 
common defects caused more or less by the deflecting circuit as 
a whole. They are: non-uniform distribution of the scanning 
pattern or non-linearity of the sweep, and the crosstalk between 
the vertical and horizontal circuits. For the first of these, the 
wave shape of the magnetic driving circuit and the frequency 
response of the yoke are responsible. For the second, either the 
coupling between corresponding driving circuits or the coupling 
between the fields of the yoke may be the cause. 

Both the static and the magnetic deflecting systems are sub- 
ject to the defects enumerated above, and the work on improv- 
ing both types has been in progress for several years. The 
early high definition systems in this country employed magnetic 
deflection both ways, early foreign systems showed preference 
for the electrostatic both ways. At present most of the systems 
used in this country utilize either a combination of static mag- 
netic deflection or the all-magnetic systems. 

The combined system provided only a partial solution, how- 
ever. The main source of trouble in such a combination is the 
defocusing of the spot by the electrostatic field. A certain small 
amount of similar defocusing shows itself even in the best 
modern magnetic deflecting systems. The old magnetic systems 
had an exceedingly large amount of defocusing. All-magnetic 
systems seem best from the viewpoint of defocusing difficulties. 
Most of what follows refers to all-magnetic deflecting system. 

Defocusing op the Luminous Spot 

Magnetic defocusing is caused by two factors: first, for a 
given non-uniform magnetic field it is a function of the diameter 
of the beam whil’e it is under the action of the field, and second, 
for a given cathode ray tube it is a function of the non-uni- 
formity of the field in the direction of deflection. The mechanism 
of defocusing will be better understood by considering Fig. 6. 
Take an electron beam of a circular cross-section with electrons 
moving parallel to each other. Such a beam before it is deflected 
will produce a luminous spot B on the screen. This spot will 
be of a circular shape. Now let us deflect the beam to one side 
of the screen by means of a magnetic field produced by electro- 
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magnets : C and Ct. Following the right-handed screw rule the 
beam will be so deflected that the spot will shift to D. The mag- 
netic field produced by the two coaxial bar magnets will be of a 
barrel shape form and will be the densest in the middle. The 
cylindrical electron beam had initial direction toward the center 



of this field, but when deflected it will miss the axis. The side 
of the beam which is closest to the axis will be deflected more. 
The side directly opposite will be deflected less. The spot will be 
compressed along the direction of deflection. It can he shown 



mathematically that any non-uniform magnetic field possesses a 
certain curvature, which is a function of the non-uniformity. 

Fig. 7 shows a beam of cylindrical shape being deflected away 
from the center of a barrel shape field. Away from the plane 
of symmetry of the field, the curvature of the field results in a 
component of the field parallel to the plane of symmetry. These 
components, however, have opposite directions on the opposite 
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, sides of the plane of symmetry. In the case shown the upper and 
the lower parts of the beam will be stretched away from the plane 
of symmetry in opposite directions. This will change the shape 
of the spot from a circle to that of an ellipse with a major axis 
perpendicular to the direction of deflection. Therefore we may 
conclude that the non-uniformity of the field and the curvature 
of it both act to change the luminous spot into an ellipse with its 
major axis perpendicular to the direction of deflection. But this 
will hold only if the direction of deflection is away from the 
region of the field where it is most concentrated. 

When a cylindrical beam is pulled into a field towards the 
region where it is more concentrated, the beam is stretched into 
an ellipse with its major axis parallel to the direction of deflec- 
tion. We may look at the effects of non-uniform fields from 
another angle. A non-uniform field affects a cylindrical beam as 
a divergent cylindrical lens. 

For deflection towards weaker regions of the field, the axis 
of this lens is parallel to the plane in which the direction of the 
deflection lies. For deflection toward stronger regions of the 
field, the axis is perpendicular to this plane, and the larger the 
beam diameter the larger the effect of a given field. 

So far we considered only the cylindrical beams. In practice 
we always have converging beams, which are either focused, 
or underfocused, or overfocused. It can be shown by reasoning 
similar to that just given that if a field stretches an overfocused 
beam in a particular direction, a readjusting of the focusing 
field to give an underfocused condition will stretch the spot in a 
direction perpendicular to the former. 

Distortion of the Scanning Pattern 

By distortion of the scanning pattern is meant the deviation 
of the pattern from its normal rectangular shape. WTien all the 
four corners are pulled away farther than they should be, we 
get a pincushion pattern and when these corners are not 
pulled far enough we get a barrel pattern. 

Distortion as well as defocusing is caused by the non-uni- 
formity and the curvature of deflecting fields. A combination of 
two magnetic deflecting fields, each of which is of barrel shape 
distribution, causes a pincushion pattern. A combination of two 
pincushion fields produces a barrel shape pattern. The reason 
for these effects can be better understood by considering Fig. 8. 
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Fig. 8A shows how the components of two pincushion fields 
add together and give a comparatively small resultant for 
corner deflection and a barrel shape pattern. Similarly the com- 
ponents of two barrel shape fields add together as shown on 
Fig. 8B and give a comparatively large resultant and a pin- 
cushion pattern. 



Pig. 8 


Overall Frequency Response 

To reproduce a saw tooth wave shape the magnetic deflect- 
ing yoke should be capable of responding to many harmonics of 
the saw tooth frequency. Other ways of obtaining the same 
result have been suggested, but so far have not proven sufficiently 
advantageous to warrant a treatment here. For an infinite ratio 
of picture to return sweep the co-efficients of successive har- 
monics are inversely proportional to the order of the harmonic. 
If the amplitude of the fundamental is 1, the second harmonic 
comes out as a half, and the third harmonic as a third, and the 
tenth as a tenth. Meaning that the tenth harmonic is of an 
amplitude equal to ten per cent of the fundamental. Now this is 
sort of high. Let us figure it out : 340 lines and thirty frames — 
this makes 10,200 lines or sweeps or cycles of the fundamental 
per second. This means that the tenth harmonic has a frequency 
of 102 kilocycles and contributes ten per cent to the wave. For- 
tunately we synchronize the picture every frame and every line. 
For positive synchronizing we have to take about 10 per cent 
of the time. This permits us to have, say, a ten to one ratio. 
Now for a nine to one ratio (which is easier to compute than the 
10 :1 case) of the saw tooth wave, if the amplitude of the funda- 
mental is 1, the amplitude of the second harmonic comes out as 
.495, the third .300, the fourth .187, the fifth .131, and the tenth 
comes out negligible. So we may add to the requirements of a 
deflecting system that it must be capable of responding to a fre- 
quency band extending from the fundamental of the saw tooth 
frequency to its tenth harmonic. 
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Cross Talk 

Frequently in a deflecting system, a serious cross talk takes 
place between the horizontal and vertical circuits. Usually it 
is the horizontal impulse which finds its way into the vertical 
deflecting circuit and produces wavy zigzag scanning lines in- 
stead of straight lines. It may be caused by coupling of some 
sort between the driving circuits. This kind of cross talk is 
usually eliminated by electrically isolating and shielding the 
respective circuits. Often, however, it takes place because of 
either electrostatic or magnetic coupling between the coils of 
the deflecting yoke. The type and degree of coupling is usually 
definitely connected with electric, magnetic and physical ar- 
rangements peculiar to this particular type. It cannot be treated, 
therefore, in general, and has to be studied individually with 
every particular type of deflecting system. 

As a rule, however, the cross talk can be eliminated by so 
arranging the coils on the yoke that the undesired induced volt- 
ages and currents buck each other out. Sometimes it calls for 
connecting horizontal coils in parallel and vertical in series. 
In other cases, both should be connected in parallel, while in 
some, no cross talk is produced under any conditions. 

Irregular Defects 

In our discussion of defects of the scanning pattern, we con- 
sidered so far only the perfectly symmetrical yoke and a cen- 
trally located electron beam. If, however, for any reason either 
the beam is not centrally located with respect to the yoke, or the 
magnetic return legs of the yoke are not symmetrical, or the 
coils are not symmetrically located, the irregular defects of the 
scanning pattern result. If the deflecting field is sufficiently 
uniform, the position of the beam with respect to the yoke is not 
as critical as in the case of a non-uniform field. 

Any non-symmetry in the yoke, however, ruins the uniform- 
ity of the field and immediately shows itself by producing de- 
focusing in a part of the picture, stretching a corner or a side 
of the pattern and usually producing serious cross talk. The 
symptoms of the irregular defects are such that they are easily 
located and eliminated by tracing defective coils and by checking 
the geometry of the yoke and the cathode ray tube. 

In conclusion let us consider a deflecting yoke of the type 
shown in Fig. 9. Two such yokes sufficiently spaced give a very 



354 


Maloif : Cathode Ray Tube m Television Rceeplion, 


good pattern for a 340-line 30 interlaced frame picture. It is 
balanced to give a very uniform field along the directions of 
deflection. Along the beam it naturally gives a wall of flux, so 
to speak, and a wall of uniform height. 





SCANNING SEQUENCE AND REPETITION RATE OF 
TELEVISION IMAGES 

By 

R. D. Kell, A. V. Bedford, and M. A. Trainer 

(RCA Manufacturing Company, Inc., Camden, New Jersey) 

Summary — This joct'pei' considers factors which affect the apparent steadi- 
ness of television images : namely, line flicker, flicker of the image as a luhole, 
alternating -current ripple in the deflecting circuits, altei'nating-current 
ripple in the video frequency signal, and various kinds of heating of the alter- 
nating-current ripple with the various scanning frequencies. It is concluded 
that an integey' ratio between altemiatmg-current ripple frequency and 
frame frequency is very desirable for progressive scanning and is almost 
imperative for interlaced scanning. Interlaced scanning with a frame fre- 
quency of thirty p>or second and a field frequency of sixty per second fidfills 
the requirements in regard to flicker and the relations to alternating -current 
ripple frequency for a sixty-cycle power source, and offers considerable net 
gain over other scanning procedures considered. The problems of both odd- 
and even-line methods of interlacing are discussed and the odd-line method is 
found preferable. 

Introduction 

A fter considerable experience with the experimental in- 
stallation previously described/ it was concluded that 
^ the most objectionable features of the television image 
were flicker and other unsteadiness. 

It is well known that the frequency band required to transmit 
a television picture is proportional to the product of the picture 
detail and the frame frequency. (The frame frequency is the 
number of times per second the picture area is completely 
scanned.) Since the available fi-equency band is limited, it is 
desirable to determine the picture repetition rate which makes 
the optimum use of the frequency band with regard to picture 
detail and freedom from flicker. This must be largely a matter 
of judgment where the psychological aspects are important. As 
will be seen the decision will be influenced by other factors such 
as motion picture standards, existing power system frequency, 
and scanning sequence. 

Reprinted from Proceedings of the Institute of Radio Engineers. 
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Cathrode-Ray Scanning 

At present cathode-ray scanning gives the greatest promise 
for a television system. This involves for example the use of the 
iconoscope as a pickup device at the transmitter and the kine- 
scope at the receiver.’- Both devices are similar in that an electro- 
statically focused beam of electrons is deflected vertically by 
the magnetic field produced by a saw-tooth wave of current [Big. 
1 (a) ] and horizontally by either a magnetic or electrostatic field 
produced by a saw-tooth wave of voltage of a much higher fre- 



Fig. 1 — Generation of a progressive scanning pattern. 


quency [Fig. 1(b)]. The action of the two deflecting fields is 
to cause the light-sensitive screen of the iconoscope or the lu- 
minescent screen of the kinescope to be uniformly scanned by the 
electron beam as shown in Fig. 1 (c) . In this as well as the fol- 
lowing figures, the line frequency is shown as approximately 
200 cycles to facilitate illustrating, while in practice it is about 
7000 cycles. The return path for each line is shown dotted. 

Alternating-Current Power Supply Ripple 

Alternating-current power-operated receivers contain sixty- 
cycle and 120-cycle disturbances in the direct voltage supplies 
which operate the receiver. In sound reception this is called 

D. Kell, A. V. Bedford, and M. A. Trainer, ^‘An experimental tele- 
vision system,” Prog. I.R.E., vol. 22, pp. 1246-1265; November, (1934) ; R. S. 
Holmes, W. L. Carlson, and W. A. Tolson, ‘^An experimental television sys- 
tem,” Prog. I.R.E., vol. 22, pp. 1266-1285; November, (1934). 
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“hum” but in the present paper the term “alternating-current 
ripple” will be used since the term “hum” implies audibility. 

Alternating-current ripple in cathode-ray television shows 
itself in several ways. When superimposed upon the deflection 
of the scanning beam it produces the wavy edges as shown in 
Fig. 2(a) in the case of the horizontal deflection, and causes the 
nonuniform spacing of the lines of the picture as shown in Fig. 
2(b) in the case of the vertical deflection. When the ripple 
exists in the cathode-ray anode voltage supply, it alters the stiff- 
ness of the beam as regards deflection and thereby modulates the 




(a)fflPPLe IN HORIZONTPL 


(b) RIPPLE INVE/tTICPL 


(d) SCHEMPTIC OF ao CP.S. PIPPL 
ON 30 CPS. scRN pmrraftN 

Fig. 2 — Effect of sixty-cycle ripple on a thirty-cycle progressive 
scanning pattern. 

deflecting influence of both the deflecting waves. This effect upon 
the horizontal deflection is shown in Fig. 2(c). It should be 
understood that these effects operate not only to distort the shape 
and density of the scanning pattern, but also cause the misplace- 
ment of the details of the picture. The presence of alternating- 
current ripple in the video frequency amplifier causes the pat- 
tern to vary alternately in brightness from top to bottom of the 
picture. (This effect is not shown in the figures.) Actually all 
of these effects occur simultaneously though for clearness they 
have been shown separately. 

We now reach a very important point in regard to the psy- 
chological effect of alterating-current ripple; i.e., whether the 
distortion produced (ripple pattern) is stationary or moving 
with respect to the scanning pattern. In the case of the thirty- 
frame per second scanning as shown in Fig. 2, the ripple pat- 
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tern is stationary and hence is much less objectionable than if 
it were moving. That the ripple pattern is stationary is evident 
from a study of Fig. 2(d) and the fact that thirty is a whole 
number submultiple of sixty. However, in the case of a twenty- 
four frame per second picture with sixty-cycle ripple, the alter- 
nate frames have distortion of opposite phase (see F'ig. il). This 
is true since sixty divided by twenty-four is a whole number 
plus a half, which may be interpreted to mean that the ripple 
pattern passes over the scanning pattern twelve times per sec- 
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Pig. 3 

ond (since twelve is one half of twenty-four) . The figure shows 
clearly that two vertical scanning cycles are required to make 
a complete cycle of motion of the beam. This is one of the worst 
conditions possible, since any element of detail in the picture 
jumps from one position to another position near by at a fre- 
quency of twelve cycles. This causes fatigue of the eye in so far 
as the observer is able or attempts to follow the elements of 
detail in their shifting of position, and a loss of resolution or 
blurring of the picture in so far as the eye fails to follow the 
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shifting. The presence of sixty-cycle ripple in the picture signal 
also causes a twelve-cycle flicker of portions of the picture. 

In case some picture repetition rate between twenty-four 
and thirty, say twenty-seven, is chosen, the ''ripple pattern’’ 
will drift upward across the picture at the rate of about six 
cycles of ripple per second. At this rate, the eye would be able 
to follow the elements of picture detail so that no appreciable 
loss of resolution would be observed, but due to the propagation 
of the "ripple pattern” the picture would be given annoying effect 
of motion, similar to that experienced when viewing stationary 
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Fig. 4 — Schematic representation of alternating-current 
ripple on various scanning patterns. 

objects submerged in water having waves on its surface. Figs. 
4 (a) and (b) show schematically some standing ripple patterns 
for various scanning conditions, while (c) , (d) , and (e) show 
some conditions for moving ripple patterns that repeat in two 
or three vertical scanning cycles. 

From the foregoing considerations and from tests, it seems 
desirable that the picture repetition rate be some integer sub- 
multiple of sixty, such as ten, fifteen, twenty, or thirty. So far 
as continuity of motion in the picture is concerned, it is prob- 
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able that fifteen or twenty would be high enough, although the 
motion picture standard is twenty-four per second. However, 
a much higher repetition rate is required in order to reduce 
picture flicker to a satisfactory level. From data previously 
presented about forty-eight pictui'es per second would be re- 
quired even if no allowance is made for increase in picture bright- 
ness by future developments.^ 

Since sixty has no integer submultiple between thirty and 
sixty, it would seem that the adoption of a repetition rate of 
sixty per second is required for operation from a sixty-cycle 
power source. Increasing the picture repetition rate and hence 
the frequency band in the ratio of sixty to fifteen to eliminate 
flicker may be giving flicker elimination the advantage in the 
compromise with picture detail. Yet numerous tests have shown 
that thirty frames per second is distinctly unsatisfactory in 
regard to flicker. 

Odd-Line Interlaced Scanning 

At least a partial solution of the problem has been provided 
by interlaced scanning, in which alternate lines are scanned in 
successive vertical deflection cycles. Such scanning procedure 
is old in the television art as produced by the scanning disk in 
which two or more spirals of apertures are used. In the case of 
two spirals the interlacing is obtained by locating the apertures 
on the disk radii such that the apertures of one spiral scan the 
even-numbered lines and the apertures of the second spiral scan 
the odd-numbered lines. 

An interlaced scanning pattern must be obtained in cathode- 
ray television by electrical methods. The odd-line method, as 
the name implies, makes use of an odd number of horizontal 
scanning lines for each two vertical scanning cycles. For ex- 
ample, the condition now considered optimum for a video fre- 
quency band of 750 kilocycles is 243 lines in the complete pic- 
ture, the frame frequency being thirty and the field frequency 
being sixty cycles. This makes the horizontal scanning frequency 
7290 cycles and the lines per vertical deflection cycle 121^. The 
half line left over at the end of each vertical cycle causes the 
alternate vertical deflection cycles to start 180 degrees apart 
with respect to the horizontal deflection cycle. Fig. 5 indicates 
how this will produce the interlaced effect. The lines 1, 3, 5, 

2 E. W. Engstrom, “A study of television image characteristics — Part 
II,” Proc. I.R.E., vol. 23, pp. 295-310; April, (1935). 
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etc., are scanned during odd vertical saw-tooth cycles, whereas 
lines 2, 4, 6, etc. are scanned during the even vertical saw-tooth 
cycles. The arrows in the figure indicate the path of the scan- 
ning beam. Geometric construction for any point p in the pat- 
tern is shown by the broken line. (The light solid lines show a 
variation in timing to be discussed later.) 

Any one line is repeated only thirty times per second but no 
line flicker is perceptible because of the extremely small area 
occupied by a single line, and because of the small angle sub- 
tended at the eye by a single line. From data previously pre- 
sented,^ these factors are known to reduce flicker. Two or more 



Fig. 6 — Generation of interlaced scanning pattern by odd-line method. 

alternate lines cannot co-operate to produce a thirty-cycle flicker 
by combining their area because if the eye includes more than 
one line, the intermediate lines will be unavoidably seen and the 
eye is subjected to the sixty-cycle alternating light eifect as 
produced by the picture acting as a whole. One exception to this 
is possible but not probable and would occur when the subject 
matter of the transmitted picture chances to contain horizontal 
lines which agree in position with the scanning lines such as 
to cause alternate lines to be dark over an appreciable area 
of the screen. Tests with this method of scanning have proved 
very satisfactory from the point of view of flicker for any ordi- 
nary picture subject matter. 

One slightly objectionable optical eifect is noticeable in 
interlaced scanning pictures when objects in the scene move 
rapidly. If the motion is horizontal, the edges of the object 
appear to be jagged. This is due to the fact that a moving object 
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is transmitted as a rapidly changing series of “stills” and that 
each alternate “still” is composed of only one set of alternate 
lines and that each “still” is slightly displaced horizontally with 
respect to the one preceding. On the other hand the motion 
is actually portrayed more accurately by the thirty to sixty 
interlaced scanning than with thirty-frame progressive scan- 
ning, since the moving object is shown in sixty positions per 
second instead of thirty. This gain, however, is considered 
not to be of practical value. 

When an object in the scene moves vertically, the apparent 
jagged edges of the object are not evidenced, but the entire 



(c) fzo c.f!3. iH mivzoNT/rc. 

Fig. 6 — Effect of ripple on thirty- to sixty-cycle interlaced pattern. 

object may appear to be transmitted by a system having only 
half the total number of lines. This effect is complete and at 
its worst only if the motion is at the rate of one line pitch per 
one sixtieth of a second or an integer multiple thereof. This loss 
of detail in a moving object is largely offset by the well-known 
fact that moving objects require less resolution in order to be 
understood, and that the eye cannot resolve minute detail in 
moving objects. 

The effects of sixty-cycle and 120-cycle ripple upon inter- 
laced patterns is shown in Figs. 6, 7, and 8. In the case of 
thirty- to sixty-cycle interlaced scanning (Fig. 6) the effects 
are very much the same as for thirty-cycle progressive scan- 
ning. The lines are displaced according to the sine law hori- 
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zontally as shown in Figs. 6(a) and (c), and vertically as 
shown in Fig. 6(b). However, adjacent lines of the even and 
odd vertical deflections are all displaced similarly so that slight 
fixed distortion of the picture is the only ill effect. Such distor- 
tion may have a magnitude equal to several times the line 
pitch for a 243-line picture without being serious. 

For a twenty-four- to forty-eight-cycle interlaced pattern, 
Fig. 7 (a) shows that four vertical deflection cycles are required 
for a complete recurrence of sixty-cycle ripple, and Fig. 7 (b) 
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Pig. 7 

shows that two are required for 120-cycle ripple. The horizontal 
lines in these figures are numbered to show to which deflection 
cycle they belong. (The return lines are omitted and the mag- 
nitude of the ripple effect is exaggerated to simplify illustra- 
tion.) Fig. 8 shows the vertical displacement due to 120-cycle 
ripple. It is apparent that adjacent even and odd lines will be 
displaced in opposite directions, thereby causing serious loss of 
detail if the relative displacement has magnitudes comparable 
to the width of a picture element. (Such magnitudes of dis- 
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placement would be unobservable in the case of the thirty to 
sixty interlaced pattern due to the similarity of displacements 
of adjacent lines.) The effect of ripple on the twenty-four- to 
forty-eight-cycle patterns is further objectionable in that hori- 
zontal displacement of lines causes the objects in the transmitted 
scene to appear to have jagged edges. The vertical displacement 
causes severe “pairing” of the lines in certain portions of the 
picture thereby destroying the benefits of interlacing and caus- 
ing these portions of the picture to appear particularly coarse 
in structure by contrast with other portions. No figure shows 
the vertical displacement for sixty-cycle ripple but the net 
effect is very similar to that shown for 120-cycle ripple. 



scmmnTic or leo c.p.s. RtPPte on z*-4a cps. iNTcpLPceo 
pnrrePN. errecr on une distribu7ion. 

Fig. 8 

The odd-line method of producing interlacing as described 
requires only uniform saw-tooth wave shape deflection in which 
the vertical and horizontal scanning frequencies bear to one 
another a fixed ratio which is a whole number plus one half. To 
maintain these simple relations, however, presents several prob- 
lems, mostly arising from the fact that the alternate vertical 
deflecting cycles start at different times with regard to the 
horizontal deflections. These starting times are shown as to 
and (to+ 1 / 60 ) seconds in Figs. 9(a) and (b). The two waves 
shown are two different sections of the synchronizing wave, 
occurring alternately one sixtieth of a second apart. The “even 
vertical” synchronizing impulse occurs immediately following 
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a horizontal synchronizing impulse while the “odd vertical” 
starts about midway between two “horizontals.” Both vertical 
impulses have sections removed in order to accommodate “hori- 
zontals” that occur during the “vertical” in order that hori- 
zontal synchronization may be maintained continuously. 

In one workable system, the synchronizing impulses Figs. 
9(a) and (b) are transmitted by the picture transmitter and 
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separated from the picture signal in the receiver by virtue of 
their greater amplitude of transmission.’^ The impulses are then 
impressed upon a filter substantially as shown in Fig. 9(g) in 
order to obtain the impulses (e) and (f) for synchronization 
of the horizontal deflecting circuit. The function of the Alter is 
primarily that of dilferentiation so that the output wave has 
magnitudes which depend upon the slopes of the input wave. 
The blocking oscillator for the horizontal deflecting circuit is 
not responsive to the small portion of the “vertical” impulse 
present in the wave (e) and (f) due to their timing as well 
as their reduced amplitude. 

The impulses of Figs. 9 (a) and (b) are also impressed upon 
the filter of Fig. 9(h) to obtain the alternate waves such as 
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Figs. 9(c) and (d) for the synchronization of the vertical de- 
flecting circuit. This filter primarily integrates the impulses 
of the input wave as the output is the voltage across a con- 
denser Cl charged through a resistor Ri. The “horizontal” im- 
pulses have amplitudes greatly reduced in comparison with the 
“vertical” impulses due to their shorter duration. However, a 
study of (c) and (d) shows that the “vertical” impulses dilfer 
considerably from one another in their amplitude corresponding 
to any short interval after to or (to+1/60) seconds on the in- 
creasing side of the peak. This difference, which is due to the 
dissymmetry of the “horizontals” with respect to the two “ver- 


n s 



Fig. 10 — Blocking oscillator and saw-tooth generator. 

ticals,” tends to cause the oscillator used in the vertical saw- 
tooth deflecting circuit and synchronized by (c) and (d), to 
operate at a nonuniform speed. It also tends to make the alter- 
nate even and odd saw-tooth strokes differ slightly in ampli- 
tude as will be evident from a study of the method of generation 
of the saw-tooth wave by the circuit of Fig. 10. The tube A 
and associated circuit comprise the blocking oscillator which 
generates impulses such as the wave of Fig. 11(g), which has 
an amplitude about fifty times as great as the synchronizing 
wave. Figs. 9(c) and (d). In the circuit it is apparent that the 
synchronizing wave, though intentionally impressed upon only 
the oscillator, is also impressed through the transformer wind- 
ing upon the grid of the discharge tube B, along with the output 
of the oscillator. The amount of each discharge of the condenser 
Cl is dependent upon the amplitude, shape, and duration of the 
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impulse supplied to the gi'id of tube B during the discharge 
time. The difference in waves (c) and (d) of Fig. 9 causes 
these factors to differ slightly for the even and odd impulses, 
thereby causing the alternate discharges of condenser Ci to 
differ slightly in amplitude. The net effect of this is a slight 
vertical displacement of the horizontal lines of the odd vertical 
cycles with respect to those of the even cycles. (Further ex- 
planation of this phenomenon will be given below in connection 
with “even-line” interlacing.) The displacement will be so great 
as to destroy completely the benefits and appearance of inter- 
lacing if the difference in magnitude of alternate discharges 
differs by as much as 0.41 per cent. A lesser amount will cause 
the lines to be grouped in pairs. 

Extremely accurate timing of the alternate vertical saw-tooth 
generating discharges is not directly necessary for sufficiently 
uniform spacing of the lines in interlaced scanning. In Fig. 5 
the light solid lines show the change caused in the generated 
pattern when the even discharges begin at a time {nt-[-e) in- 
stead of time nt as would be required for perfect timing. As 
drawn, the interlacing is not impaired, the assumption being 
made that all discharges are identical in magnitude. Actually 
the delayed discharge would be slightly greater due to a slightly 
greater average voltage on the plate of the discharge tube dur- 
ing the discharge. (For a screen-grid type discharge tube, this 
discrepancy would be less.) However, indirectly nonuniform 
timing has a large effect upon the spacing of the lines since it 
alters the time relation of the synchronizing impulse to the dis- 
charge time and thereby changes the effectiveness of the syn- 
chronizing impulses as a contributor to the magnitude of the 
discharges. 

Several methods have been developed which satisfactorily 
overcome the dissymmetry of the “integrated” synchronizing 
impulses. One method is to make the synchronizing impulses 
identical in the region of the even and odd vertical synchroniz- 
ing impulses. This is accomplished by the arbitrary introduc- 
tion at the transmitter of additional impulses similar to the 
horizontal synchronizing impulses. They are located midway 
between each two regular horizontal synchronizing impulses 
for an interval of a few line periods before and during the ver- 
tical synchronizing impulses, as shown in Figs. 11(a) and (b). 
The vertical synchronizing impulses are interrupted at half -line 
period intervals in order to accommodate the regular and the 
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additional horizontal synchronizing impulses. The first addi- 
tional impulse “p” may be of different duration than the others 
in order to compensate partially the charge in the “integrating” 
condenser for the necessary dissymmetry preceding the region 
of additional impulses. The partially integrated waves of the 
even and odd vertical synchronizing waves are respectively 
shown at (c) and (d), Fig. 11. They are practically identical 
during the occurrence of the oscillator impulse (g) . 
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Fig. 11 — Synchronizing waves for odd-line interlaced scanning. 

Of course, the “extra horizontal” impulses pass through the 
horizontal impulse selecting filter the same as do the regular 
“horizontal” impulses, Figs. 11(e) and (f). However, due to 
their timing, the blocking oscillator of the horizontal deflecting 
circuit does not respond to them. Use of the modified syn- 
chronizing wave has resulted in better operation with less criti- 
cal adjustment of the vertical deflection speed control and of 
the amount of impressed synchronizing signal. 

Another method for overcoming the effect of dissymmetry of 
the synchronizing waves upon interlacing involves the use in 
the receiver of an additional vertical frequency blocking oscil- 
lator, which serves as a “buffer.” This oscillator synchronizes 
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on the '"integrated” synchronizing wave and in turn supplies 
synchronizing impulses having a higher degree of uniformity 
in amplitude to the blocking oscillator used to produce the saw 
tooth of voltage. However, the alteration of the synchronizing 
wave is the preferred solution, since it entails no additional 
receiver equipment. 

Dissimilar vertical saw-tooth waves may also be caused by 
"cross talk” between the horizontal and vertical deflecting cir- 
cuits in the receiver. This may be overcome satisfactorily by 
moderate shielding and the exercise of care in the location of 
parts. 
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Fig. 12 — Even-line interlacing. 

Even-Line Interlaced Scanning 

The even-line method of interlacing involves the utilization 
of the phenomenon which was just described as the greatest 
handicap of proper interlacing by the odd-line method, namely, 
dissimilar even and odd vertical saw-tooth generating discharges. 
For the sake of analysis a train of discharge impulses of sixty- 
cycle recurrence frequency, but having alternate impulses of 
unequal amplitudes, may be considered to consist of two sep- 
arate trains of discharge impulses as follows, acting simultane- 
ously; One uniform train of sixty-cycle impulses and one uni- 
form train of thirty-cycle impulses having an amplitude equal to 
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the difference in the alternate discharges of the original train 
of impulses. These two trains respectively produce the saw-tooth 
waves of Figs. 12(d) and (e) which combined make the wave of 
Fig. 12(f). 

For the purpose of illustration, the wave of Fig. 13(b) rep- 
resents a horizontal deflecting saw-tooth wave of four times the 
frequency of the vertical wave. Fig. 13 (c) represents the scan- 
ning pattern traced on the iconoscope or kinescope when de- 
flected simultaneously by the vertical and horizontal waves of 



13 — Generation of interlaced scanning pattern by even-line method. 

Figs. 12(a) and (b) , The arrows on the lines show the direction 
of travel of the scanning beam. This pattern readily indicates 
that an interlaced effect will be obtained because the lines for 
adjacent vertical scannings are alternated in position. Also the 
fact that the similar lines for adjacent vertical scannings will 
not fall upon one another will be clear from Fig. 12(f) since 
2 /i and 7/0 corresponding to ti and respectively, are not equal 
when ti, toj etc., represent the period of the wave of Fig. 12(d). 
If the amplitude of the wave of Fig. 12(e) is altered, (?/:, — yi) 
will be changed and the spacing between the ''even'" and '‘odd’" 
lines will be altered. This leads to the major defect of this 
method of interlacing, namely, that the value of the difference 
between the amplitude of the alternate discharges is somewhat 
critical for perfect interlacing, which might necessitate the use 
of an additional control on the receiver. 

Figs. 12(a) and (b) show the even and odd sections of the 
synchronizing wave used. The actual synchronization of the ver- 
tical oscillator is maintained by the first-occurring portion of the 
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wave, which is identical for the even and odd cycles. However, 
the impulse Fig. 12(c) generated by the oscillator occurs slightly 
later and includes part of the time in which the even and odd 
portions differ as shown by the dotted line Fig. 12(b). This 
synchronizing wave is used for two purposes, as follows: It is 
filtered to remove the horizontal impulses substantially as was 
described for the odd-line method of interlacing, and then im- 
pressed upon the vertical oscillator for synchronizing. The syn- 
chronizing wave (unfiltered) is also impressed upon the cathode 
circuit of the discharge tube, while the output of the oscillator 
is impressed upon the grid to cause the discharge tube to pass 
plate current intermittently and thereby generate the vertical 
saw-tooth wave. The plate conductivity of the discharge tube 
is a function of the cathode potential as well as the grid poten- 
tial. Therefore, since the oscillator output wave Fig. 12(c) 
occurs partly during the interval in which wave portions of Figs. 
12(a) and (b) are different, the alternate discharges will be 
different. The difference in area under the “even” and “odd” 
portions of the wave, which causes the inequality of the alternate 
discharges, needs to be only a fraction of one per cent of the area 
under the oscillator impulse as applied to the grid circuit of the 
discharge tube. 

Othee Problems Associated with Interlaced Scanning 

For a picture containing such a great number of lines, diffi- 
culty was experienced in the mechanical accuracy of construc- 
tion of a synchronizing signal generator of the rotary type. An 
electrical synchronizing signal generator has been developed, 
which consists of special multivibrator and wave-shaping cir- 
cuits synchronized with the sixty-cycle power supply. Further 
description of this signal generator is beyond the scope of this 
paper. 

In order to use standard thirty-five-millimeter film for tele- 
vision subject material it was necessary to design the film pro- 
jector in such a way that with the film running at twenty-four 
frames per second, it could be scanned at a rate of thirty complete 
frames per second or sixty exposures of the iconoscope plate per 
second as required for interlacing. By using a specially designed 
cam-driven oscillating mirror type projector having a very quick 
return, it is possible to maintain the image of the even frames 
stationary for substantially two-sixtieths of a second, or for 
two vertical scannings, and the odd frames stationary for sub- 
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stantially three-sixtieths of a second, or for three scannings. By 
this procedure two frames of film are projected in five-sixtieths 
or one-twelfth of a second, which gives the required twenty-four 
frames per second. 

Complex Scanning Patterns 

The use of more complex types of interlaced scanning has 
been suggested. One of these, known as “triple interlacing” has 
been used considerably in mechanical scanning in which a three- 
spiral disk was used. Triple interlacing has also been used in a 
laboratory installation of a cathode-ray system. In the latter 
case the interlacing was accomplished by a method using the 
same principle as the “odd-line” method described, the difference 
being that the horizontal scanning frequency was made a whole 
number plus one third (instead of one half) times the vertical 
saw-tooth frequency. In triple interlaced scanning, the screen 
may be considered to be divided into groups of lines, each group 
consisting of three adjacent lines numbered 1, 2, and 3. Then 
the scanning cycle would be, first, all lines numbered 1 ; second, 
all lines numbered 2 ; and third, all lines numbered 3. If triple 
interlacing is to be useful, the most promising vertical scanning 
frequency for cathode-ray use is sixty, which gives a picture 
repetition rate of twenty. At this low frequency the individual 
lines exhibit appreciable flicker and also the screen produces a 
disagreeable effect of moving or “crawling.” This effect is due 
to the fact that if the eye moves over the screen vertically down- 
ward at a certain constant speed, it will rest on line 1 of group 
one, while it is being scanned, then on line 2, then line 3, then 
line 1 of the next group, etc., while each one is being scanned. 
Actually, if the attention of the eye is permitted to follow this 
progression, the screen will appear to become very coarse and 
to have only one third of the total number of lines. This effect, 
which renders triple interlacing very objectionable, is prac- 
tically absent on the “double” interlaced screen, it being pos- 
sible to observe the effect only by special effort of the observer. 
The marked difference between the double and triple interlaced 
pattern is due to the higher repetition rate of the individual lines 
and the larger ratio of the width of a line to the width of the 
group. (There are two lines in each group for double inter- 
lacing.) For quadruple or higher interlacing, it is believed that 
these iU effects would become more serious. 
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Conclusion 

In conclusion, the writers believe that double interlaced scan- 
ning with a frame frequency of thirty per second is the optimum 
known condition at the present time for alternating-current 
power supply sources of sixty cycles per second. 

Since the minimum picture repetition rate for negligible 
flicker has been set at forty-eight pictures per second, it is inter- 
esting to compare the picture detail provided by progressive 
scanning at forty-eight pictures per second to that provided by 
interlaced scanning at thirty pictures per second, with a maxi- 
mum video frequency of 750 kilocycles. 

From the formula for equal horizontal and vertical detail, 


where. 


a = ■\/2f/nRK 


a — the number of scanning lines 
/= maximum video frequency in cycles 
i? = aspect ratio (=4/3) 
n = frame repetition rate 
K = QM 


the number of lines, a, is 192 for progressive scanning and 243 
for interlaced scanning. 

The effective number of picture elements, e, may be obtained 
by the formula, e — ofRK", in which is a correcting factor 
required on account of the loss due to random details of the pic- 
ture not coinciding with the scanning line as discussed by the 
writers in the paper previously cited. <The losses of picture ele- 
ments due to scanning beam return time and synchronizing are 
neglected in this case for simplicity.) The effective number of 
picture elements is 20,200 for progressive scanning and 32,100 
for interlaced scanning. 

From the above it is seen that the progressive scanning pro- 
vides only sixty-two per cent of the detail provided by “inter- 
laced” scanning. One case in which thirty to sixty interlacing 
would not be optimum would be for receivers located in alternat- 
ing-current power districts other than sixty cycles, receiving 
programs of a transmitter in a sixty-cycle area. In this case, 
the benefits of interlacing would be largely lost due to alternat- 
ing-current ripple. (Extra precautions taken in shielding and 
filtering the power supply of receivers for such special conditions 
will reduce the ripple effects and might make the interlacing 
acceptable.) The example just given for transmitter and receiver 
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in differing power supply frequency areas would represent only 
a negligible portion of the probable installations except when 
considering relayed programs. Where transmitter and receiv- 
ers are located in the same power supply districts as regards 
frequency, interlacing can always be satisfactorily obtained by 
proper choice of operating characteristics; i.e., for fifty-cycle 
power source, a frame frequency of twenty-five per second and a 
field frequency of fifty per second. (For a fifty-cycle soiu’ce, op- 
eration at the standard movie speed of twenty-four frames per 
second would be satisfactory.) 

In direct-current power districts it is at present necessary 
to use a converter with the alternating-current type of receiver. 
With the frequency of the converter adjusted within one or two 
cycles of the power supply at the transmitter, all of the advan- 
tages of interlacing are had. Interlacing also raises the minimum 
video frequency requirement in the ratio of tw’^o to one, since 
it increases the field frequency, thereby reducing the amplifier 
difficulties and cost at both transmitter and receiver. 
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AN URBAN FIELD STRENGTH SURVEY AT THIRTY 
AND ONE HUNDRED MEGACYCLES 

By 

R. S. Holmes and A. H. Turner 

(RCA Manufacturing Company, Inc., Camden, New Jersey) 

Summary — A description is given of the transmitter and receiver equi2> 
ment used m making field strength surveys in the Caniden-Philadeljyhia area 
for a low -power transmitter whose antenna is 200 feet above the ground^ at 
frequencies of thirty and one hundred megacycles. 

Field strength contour maps for the area tvithin approximately ten miles 
of the transmitter are given. From these maps the average field strength 
obtained at various distances from the transmitter was determmed, and the 
attenuation of the signal was found to be proportional to the 1.84 power of 
the distance for thirty megacycles and the 2.5 poiver of the distance for one 
hundred megacycles for the region hettoeen one and ten miles fro77i the 
transmitter. 

Curves showing the variation from the average field strength of the 
signal alo-ng three routes radiating fifteen miles from the transmitter are 
given, a.nd these variations are compared ivith the elevation p)rofiles of the 
resj)ective routes. It is shown that the signal is tisually strongest on the 
brows of hills facmg the trans-milter. 

Measurements were made in three representative residences, and from 
these data, curves shoiuhig the power required at the transmitter to furnish 
one hundred microvolts input to receivers tvith short indoor antennas located 
in ho 7 iscs at various distances up to ten miles from the trans-mitte'i wa e com- 
puted for the Uvo frequencies. 

T his paper describes a survey made in the Camden-Phila- 
delphia area of the field strength from an ultra-high- 
frequency transmitter operated at thirty and at one 
hundred megacycles. The survey was made during the Summer 
of 1934. 

Measuring Equipment and Procedure 

The signal for the survey was radiated from an antenna 
located on the roof of an RCA Manufacturing Company building 
located at Front and Cooper Streets, in Camden. The ground 
elevation at this point is about ten feet above sea level, and the 
center of the antenna was approximately 200^ feet above sea 
level. This antenna, constructed as shown on Fig. 1, was of the 
same general type as that described by Kell.^ An iron and dur- 
aluminum pole, grounded to the metal roof, served as antenna, 

1 Kell Bedford, and Trainer, “An experimental television system,” Proc. 
I.R.E., vol. 22, pp. 1260-1261; November, (1934). 

Reprinted from Proceedings of the Institute of Radio Engineers. 
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support, and one side of the feeder line. The other side of the 
feeder line was spaced out from the pole, and was slidable 
through the standoff insulators, by means of the rope and pulley ; 
this line could be raised and lowered to expose more or less of 
the top of the pole for radiation, for adjusting to the operating 
frequency. 



In order to measure the antenna current, for computing the 
radiated power, a substitute antenna, located as shown in Fig. 1, 
was used. The horizontal substitute antenna was far enough 
from the roof so that the radiation resistance was not materially 
different from that of the vertical antenna. The current in the 
center of the vertical antenna was assumed to be the same as 
that in the substitute antenna when the feeder current was the 
same. The feeder current was maintained constant during all 
measurements at each frequency. 
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A further check of the radiated power was made by measur- 
ing the field intensity on the roof of a near-by brick tower at 
approximately the same elevation as the radiating portion of the 
vertical antenna. The distance between the transmitter and the 
receiver was only slightly more than twice the elevation of each 
above the ground, and was partly occupied by several buildings 
having lower roof elevations. Under these conditions reflection 
was probably negligible, and was neglected in the calculation 
of radiated power from these fleld intensity measurements. The 
receiver indicated twenty per cent more field intensity at one 





ig. 2 — Circuit of transmitter when operating at one hundred megacycles. 

hundred megacycles, and two per cent more at thirty megacycles, 
than should be produced by the current measured in the hori- 
zontal antenna and assumed to be the same in the vertical an- 
tenna. The radiated power is assumed to be that calculated from 
the antenna current, and all the data in this paper have been 
adjusted to one kilowatt radiated power. 

The transmitter consisted of a push-pull oscillator using 
RCA-831 tubes. No modulating means were provided. The cir- 
cuit diagram of the transmitter for one-hundred-megacycle op- 
eration is shown in Fig. 2. A pair of open-ended concentric lines 
in the grid circuit were used for frequency stability. At one 
hundred megacycles the tube plates were closely bridged and the 
radio-frequency energy taken from the tuned filament circuit. 
At thirty megacycles the more conventional arrangement of 
tuned-grid— tuned-plate circuit was used. 

The field strength was measured with a special battery of 
operated superheterodyne receiver having a tuning range of 
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thirty to one hundred megacycleK, operated on a calibrated 
antenna. The circuit of the receiver i.8 shown in Fig. 3. 

A three-gang capacitor tuned the two radio-frequency cir- 
cuits and the oscillator. The circuits were coupled so that the 
incoming signal and the oscillator voltage were both impressed 
on the grid of the first detector. Prom the detector the inter- 
mediate-frequency signal passed through the three-stage inter- 
mediate amplifier to the grid-leak detector and the audio ampli- 
fier. A gain control operated on the bias of the three intermedi- 
ate amplifier tubes. The attenuation characteristic of this con- 



Fig. 8 — Circuit of field strength measuring receiver. 


trol was determined at intermediate frequency. A microammeter 
in the plate circuit of the grid-leak detector indicated the change 
in plate current due to the signal, and its sensitivity was suf- 
ficient to indicate small changes in signal strength, since the 
steady component of plate current was balanced out of the meter 
by the bucking battery current. 

The receiver was mounted in an automobile and connected 
to an antenna permanently mounted on the side of the car. The 
complete equipment was calibrated by subjecting it to a known 
field from a small transmitter, recording gain control dial set- 
tings for a given change in detector plate current against field 
strength in microvolts 'per meter for several different field 
strengths. The curve thus obtained was then extended to the 
limits of sensitivity of the receiver by applying the attenuation 
characteristic of the gain control, previously obtained. A sep- 
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arate calibration was made at each of the two frequencies, and 
rechecks were made at frequent intervals during the survey. 

The survey was made by driving the car along roads fairly 
well distributed over the area within fifteen miles of the trans- 
mitter, and measuring the field strength at frequent intervals. 
It was found that a continuous check of the field strength could 
be made when the car was driven along at a slow rate of speed ; 



4 — Thirty-megacycle contour map. Contours of equal 
field intensities in microvolts per meter. 


whenever the average reading changed materially it was re- 
corded. The points were identified on the map by their distance 
from known landmarks, such as main intersections, etc. The 
standing wave pattern was very pronounced, particularly at one 
hundred megacycles, causing wide apparent variations in field 
strength even in very short distances, but by driving the car 
at a constant rate of about fifteen miles per hour it was found 
that these variations could be readily averaged out, so all of 
the recorded readings were average field strength, usually aver- 
aged over a distance of about one to two hundred feet. At each 
frequency about 2000 readings were taken. 
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In addition to the measurements made for the purpose of 
drawing the contour maps, measurements were made along three 
routes radiating more or less directly from the transmitter. 
These routes were chosen as being widely different in ground 
profile characteristics; one was fairly level ground, one gently 
rising, and the other rising more rapidly. The elevation data 
for these routes were obtained from The United States Geodetic 
Survey Maps (1898). 



Fig. 6 — One-hundred-megacycle contour map. Contours of 
equal field intensities in microvolts per meter. 


In order better to tie the results of the survey to actual 
operating conditions for receivers in fixed locations, signal 
measurements were made at three representative residences. 
Measurements of actual input to the antenna post of the receiver 
with several different types of antenna at several locations in 
the house were made. 

Results op the Survey 

Most of the measurements in this survey were made for the 
purpose of obtaining the field strength contours within a radius 
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of ten to fifteen miles from the transmitter. The points taken 
at each frequency were plotted on large scale maps and the 
contour lines for equal field strength were drawn. Fig. 4 is the 
map for thirty megacycles, and Fig. 5 for one hundred mega- 
cycles. 



Fig. 6 — Thirty-megacycle survey average. 


In order to obtain more generalized results from these data, 
the area enclosed by each contour was measured and the aver- 
age^ radius determined. The average radii were used as the 
basis for plotting the curves in Figs. 6 and 7 showing the aver- 

2 The radius was determined from the relation r = VJl/'tt, where A is 
the area of the contour. The r, of course, is the radius of a circle having this 
same area, which is the effective radius of the contour. The greater the de- 
viation of the shape of the contours from circles, the greater the deviation of 
the effective radius as determined by the above relation from the true aver- 
age radius. The contours under consideration are near enough to circles^ so 
that the error in calling effective radius average radius is small, and for sim- 
plicity this has been done in this paper. 
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age signal at the two frequencies as a function of distance from 
the transmitter. No effort has been made to determine the 
exact law governing the rate of attenuation. At distances be- 
tween one and ten miles the curves are nearly straight on loga- 
rithmic paper, and have slopes of approximately 1.84 at thirty 
megacycles and 2.5 at one hundred megacycles. At distance.s 



Fig. 7 — One-hundred-megacycle survey average. 


less than one mile, the attenuation is probably more nearly 
directly proportional to distance, as indicated by some points 
that were taken, but not plotted on the maps or curves, and 
beyond ten miles the curves probably have a greater slope. 

Several interesting observations were made during the course 
of these measurements. The standing wave patterns were, in 
general, more severe in built-up sections than in the open coun- 
try. When traveling on north and south streets in downtown 
Philadelphia the field strength usually increased very greatly 
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when passing an intersection where the signal could come 
directly up the street from the transmitter, instead of having 




to go through and around buildings. The shielding effect of the 
thickly built-up downtown area of Philadelphia is very apparent 
on the contour maps, particularly at one hundred megacycles 





Fig. 11 — One-hundred megacycle profile — Berlin Road. 


because of the fewer buildings and other obstructions in these 
directions. The greatest field strength was usually obtained on 
the brows of hills facing the transmitter ; beyond the brow of a 
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hill the field strength usually decreased, even though the eleva- 
tion might continue to increase gradually. 

In order to determine the relation of the ground profile to 




ig. 13 — One-hundred-megacycle profile — ^Burlington Turnpike and average 
profile around transmitter. 


the field strength, three routes radiating more or less directly 
from the transmitter were selected and additional measurements 
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made along them. These routes are shown in dot-dash lines on 
the contour maps. One route was through Philadelphia on Mar- 
ket Street and out Lancaster Avenue. This route was chosen 
because of the hills it passed over on the far side of Philadelphia. 
Readings were taken very close together along this route, and 
plotted as variation from the survey average, in decibels, at the 
various distances from the transmittej-. Figs. 8 and 9 are the 
curves obtained over this route at thirty and one hundred mega- 
cycles, respectively. In the same figures are plotted the ground 
elevation above a fifteen-mile chord. Some correspondtmee be- 
tween the elevation and the field sti*ength can be seen on these; 
curves, most notably the high field strength at the brows of hills, 
but it shows that local conditions have a very large effect and at 
times completely mask the relation between elevation and field 
strength. 

The second route selected was almost directly opposite the 
first, toward Berlin, New Jersey, and is most notable because 
of the steep hill about twelve and one-half miles from the trans- 
mitter. The curves for this route are shown in Pigs. 10 and 11, 
and the increase in field strength at the brow of the hill is very 
noticeable at both thirty and one hundred megacycle.s. 

The third route is along the Delaware River on the New 
Jersey side, out the Burlington Turnpike. This route is the 
most level of the three, and the signal remains the most con- 
stant along this route, as shown by Figs. 12 and 13. There is 
less built-up area along this route than either of the other.s, 
and this is also a factor in the reduction of field strength varia- 
tions. 

Fig. 13 also shows the average elevation of the ground in all 
directions from the transmitter. It is included for comparison 
with the other curves, and was obtained by plotting the average 
elevation along sixteen radii from the transmitter. The average 
ground level rises more or less uniformly to a distance of about 
ten miles from the transmitter and then levels off. Line of sight 
extends out to about ten miles, and remains approximately 
parallel to the ground to about fifteen miles from the trans- 
mitter. 

After the field strength contour map data had been obtained 
it seemed desirable to measure the signals actually obtained in 
some representative locations in order to relate better the field 
strength measurements with actual receiver performance that 
might be expected in a home installation. Measurements were 



Holmes and Turner: Urban Field Strength Survey 


387 


made at three locations, two in Haddonfield and one in Collings- 
wood, New Jersey, identified as B, and C on the maps. In 
each case the field strength was measured by driving the car 
along the street in front of the house, and into the driveway, 
and taking the average of the measurements thus obtained as the 
field strength outside the house. The receiver was then taken into 
the house and the actual microvolts on the antenna post measured 
for several different antennas in several different locations. 
Table I is a tabulation of the data thus obtained. 


TABLE I 

Location A: A superior location, line of sight, four miles from transmitter, elevation 35 feet. 
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on the roof of the house, usually the pole supporting the broad- 
cast antenna, with a fifty-foot transmission line leading down to 
the receiver in the living room. The broadcast antenna was in 
each case the one used with a broadcast receiver and in no case 
was it an all-wave antenna or one designed for shoi't-wave re- 
ception. No timing was added to the antenna to increase the 
signal obtained. Where the measurements were made in rooms 
other than the attic, the receiver was placed in the position most 
suitable for the permanent installation of a radio receiver in that 
room, and it was not moved about in the room to find the loca- 
tion where the strongest signal was obtained. 

The three locations are all approximately in the same direc- 
tion from the transmitter. An examination of the thirty-mega- 
cycle contour map shows a general indentation in the contours 
in this direction, indicating that the general level of field strength 
was lower than in most other directions. Locations A and C 
were considered superior locations, but due to the general low 
signal the field strength measurements at these locations, plotted 
on Fig. 6, were below the survey average. Location B was con- 
sidered an inferior location because it was below line of sight, 
and the field strength there fell further below the average. At 
one hundred megacycles the contours do not show the general 
indentation in this direction, and the field strength measure- 
ments at locations A and C lie above the survey average when 
plotted on Fig. 7, while that at location B is below, as would be 
expected. The difference between superior and inferior locations 
is much greater at one hundred megacycles than at thirty mega- 
cycles. 

An interesting comparison of the effectiveness of transmis- 
sion at thirty megacycles with that at one hundred megacycles 
under practical operating conditions can be made by applying 
the data given in Table I. The ratio (B) between the signal (in 
microvolts) on the antenna post of the receiver inside the house 
and the field strength (in microvolts per meter) outside the house 
was computed for the condition of the short indoor antenna, with 
the receiver on the ground floor. The average ratio at thirty 
megacycles is 3.2 and at one hundred megacycles it is 0.6. This 
ratio includes the effect of attenuation through the walls, reflec- 
tions from the metal parts of the house, etc., as well as the 
effective height of the antenna. 

Absorption and reflections are a function of the building 
construction and are very erratic, so the ratio B would be ex- 
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pected to vary widely between different buildings and between 
different locations in the same building — ^the values of R de- 
rived from the measurements tabulated in Table I are therefore 
only an indication of what might be expected in locations similar 
to those in which the measurements were made. 

The factor of effective height of the antenna, which is also 
included in the general ratio R, is less dependent upon the loca- 
tion, and is primarily a function of the physical length of the 



Pig- 14 Transmitter power required to deliver one hundred microvolts to 

the input of the receiver when using a short indoor antenna on the 
ground floor of a house at the indicated distant from the transmitter. 
Points A, B,C are for the three test locations of Table I. Antenna length 
for one hundred megacycles, five feet; for thirty megacycles, twelve feet. 


antenna. The ratio of antenna lengths at thirty and one hundred 
megacycles is 12 to 5 or 2.4. This makes up a large portion of 
the difference in the ratios R obtained at the two frequencies, 
which is the ratio of 3.2 to 0.6 or 5.4. 
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Using the ratios (R) derived in this manner and the curves 
of Figs. 6 and 7, the average transmitter power required to 
deliver one hundred microvolts to the antenna post of a receiver 
operated under the above conditions at various distances from 
the transmitter was computed. The results of these computa- 
tions are plotted in Fig. 14. These curves give a practical indi- 
cation of the increase in power required for a given service at 
one hundred megacycles over that i-equired at thirty megacycles, 
taking into account the dilference in the transmission character- 
istics of the two frequencies and also the effectiveness of the 
half wave length antennas, wall attenuations, etc., at the two 
frequencies. Points were also plotted on Fig. 14 showing the 
transmitter power required to deliver the one-hundred-microvolt 
signal to the receiver in the houses at locations A, B, and C, where 
measurements were actually made. The results presented apply 
only to the particular conditions under which the survey was 
made, and would be materially modified for other conditions. 
In particular, the transmitter location and the character of the 
surrounding territory will be a large factor in determining the 
service range. For a more practical installation the transmitter 
antenna might be elevated considerably above the 200 feet used 
for this survey. Increasing the transmitting antenna height 
would increase the service range, or, for a given service range, 
decrease the required transmitter power. It would also reduce 
somewhat the difference in power required at one hundred mega- 
cycles compared to that required at thirty megacycles, for a 
given coverage, since a greater portion of the transmission path 
would be through free space, where the attenuation at the two 
frequencies is nearly the same, and a smaller portion through 
and near obstacles which attenuate the higher frequency more 
than the lower frequency. These factors are recognized, but 
since the survey was made for only one transmitter antenna 
height, no data are presented to indicate their magnitude. 
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ULTRA HIGH FREQUENCY TRANSMISSION 
BETWEEN THE RCA BUILDING AND 
THE EMPIRE STATE BUILDING 
IN NEW YORK CITY 

By 

P. S. Caeter and G. S. Wickizer 

(IICA Communications, Inc., Rocky Point and Riverhead, L. I., N. Y.) 

SuniinG.yy PTopaffdtio'yi hetwocTi these two huiLdiugs dt a fTegweTicy of 
177 Me has been studied with the object of 2 >'>"oviding a radio circuit with flat 
response over 3 Me. It was found that the received signal arrived over sev- 
eral paths, some of which were due to reflection from ground and from 
nearby buildings. The effects on the indirect rays of horizontal and vertical 
directivity, and change in angle of polarization were observed. The theoret- 
ical response curve for an assumed combination of rays was compared with 
the curves obtained experimentally. 

mrv HE propagation studies discussed in this paper were un- 
dertaken in connection with providing a radio circuit for 
• the transmission of television images from the studios in 
the RCA Building to the transmitter in the Empire State Build- 
ing. A relatively high carrier frequency was required to transmit 
both side bands at modulation frequencies up to 1.5 Me, and to 
minimize man-made noises generated in electrical equipment. 
A frequency of 177 Me was selected to avoid possible interfer- 
ence from the Empire State television and sound transmitters 
which will operate in the neighborhood of 50 Me. 

The two buildings are approximately 4600 feet apart, and 
are considerably higher than the buildings lying directly between 
them. Over this relatively short path, between high buildings, 
the signal at the receiver would be expected to consist of a 
direct and a number of reflected rays. The effect of this com- 
bination of rays on the radio circuit response curve was investi- 
gated in an effort to provide a flat response curve over a fre- 
quency band at least 3 Me in width. 

During this investigation, the receiving antenna was located 
in a small balcony outside of the 85th floor, on the north side 
of the Empire State Building. The transmitting antenna and 
transmitter were located first on top of an elevator shaft at the 
14th floor level of the RCA Building, and later moved to a large 
balcony at the 67th floor. 

Reprinted from Proceedings of the Institute of Radio Engineers. 
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The transmitter was a line controlled master oscillator, fol- 
lowed by a power amplifier stage. Frequency variation was 
accomplished by a micrometer adjustment on the oscillator line, 
and the power output was held constant by adjusting the output 
coupling for constant antenna meter reading. 

The receiver was a double superheterodyne, equipped with 
heterodyne oscillator, followed by an audio measuring unit. 
Both diode current and heterodyne output were observed as a 
check on the receiver output. The receiving antenna was located 



a fraction of a wavelength from the building wall. At this small 
distance the phase change between direct and reflected waves is 
small for a frequency range of 3 or 4 per cent. 

Fig. 1 is a sketch showing the direct path and some of the 
possible indirect paths when transmitting from the 14th floor 
of the RCA Building to the 85th floor of the Empire State 
Building. The actual conditions are very much more complex 
than shown here. Fig. 2 is a photograph looking toward the 
RCA Building taken from the 85th floor of the Empire State 
Building, while Fig. 3 is a photograph taken from the 14th floor 
of the RCA Building looking in the opposite direction. From 
an inspection of these pictures it is apparent that the signal at 
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the receiver might be made up of a large number of rays. This 
is possible because there exist surfaces on the various buildings, 
which lie at almost every conceivable angle. With the transmitter 
located at a relatively low level, the length of the path of the 
indirect ray lying in the vertical plane is not greatly different 
from that of the direct ray. However, reflected rays from ob- 
jects lying off to the sides from the direct path may be of much 
greater length than the direct ray. 



Fig. 4 


Fig. 4 is a response curve when using simple half wave 
dipoles at both ends of the circuit. It was found necessary to 
install a copper sheet reflector behind the transmitting antenna, 
to eliminate reflections from the building wall, which was sev- 
eral wavelengths behind the antenna. With such an antenna sys- 
tem, the transmitted pattern is independent of reflecting surfaces 
behind the antenna. At first sight this curve appears difficult 
to interpret, there being no definite regularity to the TnaTrimn or 
minima. Let us for a moment consider the process of combina- 
tion of the various rays making up the resulting received signal. 
A disturbance leaving the transmitting antenna at the time t will 
arrive at the receiving antenna at the time t+d/c where d is the 
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distance travelled and c the velocity of light. If we represent the 
electric field of the wave at the transmitter by then, at the 
receiver it will be represented by or, in other words, 

the phase lag in travelling the distance d is wd/c. Now, if we 
have two rays which travel distances differing by a distance X 
the phase angle difference ^ then becomes, — 

<i>X 2,nf 

c/) = [- oc = Z -(- oc where cc is the phase 

c c 

change due to reflection from any surface 
2nX 2irX df 

and d^ = df = . — radians, 

c ^ f 

Expressed otherwise, the change in phase angle df>, for a 
change in frequency df, is equal to the product of the path dif- 



Fig. 5 


ference expressed in terms of angle, multiplied by the ratio of 
the change in frequency to the frequency. For instance if we 
have a path difference of 10 wavelengths or 3600 degrees be- 
tween two rays, a 1 per cent change in frequency will cause 
a phase change of approximately 36 degrees. 

The signal strength resulting from the combination of a direct 
and several indirect rays is equal to the vector sum of a fixed 
vector and several other vectors rotating at angular velocities 
corresponding to the rate of change of phase with frequency 
given by the above relation. 
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Fig. 5 shows four combinations of a fixed vector of unit 
amplitude and three rotating’ vectors having amplitudes of J/s. 
1/12, and 1/20; and angular velocities in the ratios of 3, 13 and 
31. Between successive diagrams, the angle of the slowest rotat- 
ing vector has been advanced 15 degrees which, for a 0.1 per 
cent change in frequency corresponds to a path dilFcrence of 
41.7 wavelengths. The continuous curve of the resultant obtained 
from this process is shown in Fig. 6. Comparing this curve 
with Fig. 4, certain similarities will be noted which indicate 
that the experimental curve is the resultant of a direct and sev- 
eral indirect rays having considerable difference in length of 
path. With the particular conditions existing in these tests, 
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such differences in path would be expected only between rays 
arriving at relatively wide angles. 

From the frequency range between successive maxima of 
this type of curve, the limits of variation in angle at which the 
indirect rays are arriving may be estimated. Theoretically an 
indirect ray having a given length of path might be reflected! 
from any point on an ellipsoid having the transmitting and 
receiving antennas as foci. However, when the have 
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reflectors behind them, the angles of the indii'ect rays with 
respect to the direct ray are limited to values less than 90 
degrees. In a plane containing the two antenna wires, this angle 
is further limited, due to the fact that little radiation or recep- 
tion is obtained at angles in the vicinity of 90 degrees to the 
direct ray. 

Since the curve of Fig. 4 indicates indirect rays arriving at 
wide angles, the introduction of moderate directivity at either 
or both transmitter and receiver should materially reduce the 
rapid variations in the response characteristic. In order to study 
the effect of an increase in directivity in the horizontal plane, a 
transmitting antenna having a radiator one wavelength long. 


fed at the center and located in front of a copper reflector, was 
set up as shown in Fig. 7. The response curve obtained with 
this antenna is shown in Fig. 8. It is apparent that the rapid 
variations have been considerably reduced, but there are certain 
frequency ranges where the variation in signal strength has been 
increased. From a study of vector diagrams such as previously 
described, it can be shown that although the removal of one or 
more indirect rays will usually give a general improvement over 
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a wide range of frequency, such a removal may cause wider 
variation over certain small frequency ranges. 

To fuither i educe the strength of the indirect rays, a direc- 
tive antenna arrangement was placed at the receiver. This con- 
sisted of two half wave dipoles lying end to end and separated 
by a distance of one and one half wavelengths between centers. 
Using this antenna and the directive transmitting antenna pre- 
viously described, the curve shown in Fig. 9 was obtained. It 
will be noted that this curve shows considerably less variation 
than the curve of Fig. 8. 



Since the reflections in these tests come from surfaces hav- 
ing all sorts of shapes and positions, we should expect a differ- 
ence in the results with a change in the polarization. To investi- 
gate such a change, a half wave dipole was arranged vertically 
in front of a copper reflector, for transmission. For reception, 
a vertical half wave dipole was placed a few feet from the 
building. The results are shown in Fig. 10. This curve is 
of a different shape and has a much greater variation than 
the curve of Fig. 4 taken with the same antennas oriented to 
give horizontal polarization. This difference is probably due to 
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a number of factors, amongst which lire some change in direc- 
tivity, and changes in both phase and amplitude upon relh'ction. 
In general, the phase of a wave after reflection, when polarized 
in the plane of incidence, is opposite to the phase when polarized 
at right angles to the plane of incidence. 

When the receiving and transmitting antennas are both at 
great heights above the intervening buildings, tlu; gcionietry of 
the ray paths is considerably different than that where one 
antenna is at a relatively low altitude. The path lengths for 
indirect rays, lying in the vicinity of the vertical plane passing 



through the transmitter and receiver, are greatly increased and 
become a major factor in the determination of the resulting sig- 
nal strength. Also, there is an increase in the number of sur- 
faces having proper angles to reflect energy to the receiver, 
because of the fact that a large number of objects, which were 
formerly obscured by nearby buildings, are now brought into 
view from the transmitter location. 

These effects were investigated by locating the transmitter 
on a balcony at the 67th floor of the RCA Building. When facing 
the Empire State Building at this height, one gets an impression 
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of practically all other buildings being down rather than oif to 
the sides. This impression of height is conveyed by the photo- 
graph taken from the Empire State Building. 

With the same horizontally polarized directive antennas 
referred to in connection with Fig. 7, the data shown in Fig. 11 
were obtained. The receiving antenna was a single half wave 
dipole. It will be noted that the slower variation is of consider- 
able magnitude, and corresponds to a path diiference of approxi- 
mately 59 X or about 328 feet. With the transmitter at a height 
of 900 ft., the receiver at a height of 1000 ft., and a distance 
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between buildings of 4600 ft., this path difference might nat- 
urally be assumed to be due to reflection from a horizontal sur- 
face at a height of about 100 ft. and located in the vicinity of 
2200 ft. from the RCA Building. The angle of such a ray would 
be about 20.5 degrees to the horizon. If such an assumption is 
correct, a receiving antenna which has minimum^ pickup at this 
angle in the vertical plane should eliminate this variation in 

signal strength. „ , -u . 4. , 

Accordingly an antenna consisting of two parallel horizontal 
dipoles spaced 1.43 wavelengths to give zero reception at an 
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angle of 20.5 degrees to the horizon was erected. Fig. 12 shows 
the curve resulting from the use of this niitmina in conjunction 
with the same transmitting antenna used for Fig. 11. It is evi- 
dent that the indirect ray w'hich was assumed to be coming 
from a building roof lying in a line between llie two ljuildings, 
has been entirely eliminated. However, the curve is still quite 
irregular due to side reflections. 



0 2 4 6 8 lo 12 14 16 18 2o 22 24 26 28 3o 32 34 36 
Tra.nsm\tter Ifoc^uency Adjustment ITBUs 


Horizontal directivity at both ends was also tried for this 
height. The rapid variations were fairly well smoothed out as 
can be seen from Fig. 13. If the proper vertical directivity had 
been included with the horizontal, the slow variation still remain- 
ing in this curve would no doubt have been eliminated. 

It has already been mentioned that in general, the phase of 
a wave polarized perpendicular to the plane of incidence is re- 
versed upon reflection, whereas the phase of a wave polarized 
in the plane of incidence undergoes no change. (The exception 
to this rule is when the angle of the ray to the reflecting surface 
is less than the critical or Brewster angle for a wave polarized 
in the plane- of incidence.) If a wave is polarized at an angle 
of 45 degrees to a reflecting surface, i.e. having equal components 



Carter and \\ i(d{d»r.r: Ultra Flir/h Frequency Transmission 


403 


of electric force perpendicular and parallel to the plane of inci- 
dence, the direction of the electric vector after reflection is per- 
pendicular to the direction before reflection. Now, if a receiving 
antenna is oriented the same as the transmitting antenna, the 
electric vector of the indirect ray will be at right angles to the 
receiving antenna conductor and can produce no current. The 
signal is then due to the direct ray only and consequently will 
not vary with frequency. A flat response characteristic would 
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be expected if the transmitting and receiving antennas were half 
wave dipoles lying in a plane at 45 degrees to the horizon and 
all reflections took place from ideal horizontal or vertical plane 
surfaces. 

The conditions encountered in this investigation fall far 
short of such ideal assumptions, as is evident from the curve of 
Fig. 14, which was taken with both transmitting and receiving 
antennas oriented at an angle of 45 degrees to the horizon. 

The investigation which has been discussed, shows that, 
where the frequency band is a substantial percentage of the 
carrier frequency, variation in signal strength within the band 
may occur unless special precautions are taken to eliminate the 
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effects of indirect rays. A few indirect rays having amplitudes 
of the order of 10% or less of the amplitude of the direct ray, 
may cause considerable variation in the received signal. 

The authors wish to acknowledge the valuahk; as.sistance 
given them by W. C. Besides, T. J. Buzalski, and oth<;r memben-s 
of the Development Division of the National Broadcasting Com- 
pany, and J. W. Conklin of RCA Communications, who designed 
the special transmitter. 



ELECTRON OPTICAL SYSTEM OF TWO CYLINDERS 
AS APPLIED TO CATHODE RAY TUBES* 

By 

D. W. Epstein 

(RCA Manufacturing Co. Inc., Camden, N. J.) 

Summary — The electron beam of a cathode ray tube is usually focused 
hy means of an electron optical system of two coaxial cylinders* This paper 
presents a detailed treatment of such a focusing system and is divided into 
two parts. 

Geometric electron optics of axially symmetric electrostatic (e,s.) fields 
is presented in Part I. This part deals with (1) the analogy between light 
and electron optics, (2) motion of electroTis in axially symmetric e.s. fields, 
(S) definition and determination of positions of cardinal points due to axially 
symmetric g.s. fields, (4) thick and thin lenses. 

The lenses equivalent to the e.s. fields of two coaxial cylinders are dis- 
cussed in Part 11. This part deals with (1) positions of cardinal points due 
to two coaxial cylinders of various diameters and at various voltages, (2) 
use of such cardinal points, (S) experimental determination of positions of 
cardinal points, (4) spherical aberration of e.s* field due to two cylinders. 

The results are applied to the cathode ray tube, throughout the discus- 
sion. 

Introduction 

T he exacting demands on cathode ray tubes used for pres- 
ent day purposes require that the tube designer have a 
clear and detailed understanding of the operation of the 
tube. It is very convenient to treat the operation of a cathode 
ray tube in terms of geometric electron optics. In geometric 
electron optics use is made of the well known fact that the 
trajectory of an electron in electrostatic fields is similar to the 
trajectory of a ray of light in refractive media. Because of 
this similarity the concepts of geometric optics such as, lens, 
focal length, etc. may be transferred to electrostatic fields. From 
this point of view a cathode ray tube is nothing else than an 
axially symmetric optical system. 

Figure 1 gives the cross-section thru the axis of a cathode 
ray tube. The whole electrostatic focusing system associated 
with the various electrodes may be considered as two axially 
* Presented to the Faculty of the Moore School of Electrical Engineer- 
ing of the University of Pennsylvania in partial fulfillment of the require- 
ments for the degree of Doctor of Philosophy. 

Reprinted from Proceedings of the Institute of Radio Engineers. 
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symmetric electrostatic lenses : one existing close to the cathode 
and caused by the potentials on the cathode grid and lirst anode 
and the other existing near the end of the first uikkIc and caus(!d 
by the difference in potential between the first and second anodes. 

The discussion in this paper will be limited to the second 
lens. For the purposes of this paper the first lens* may be con- 
sidered as concentrating the electrons emitted by the cathode 
into a small new source which serves as the ()b.iect for the second 
lens. The second lens then images this object on the fluorescent 
screen producing the visible spot. 



Pig. 1 — Cathode Ray Tube 


Part I. Electron Optics op Axially Symmetric 
Electrostatic Fields* 

In the early part of the nineteenth century, Sir William Ham- 
ilton showed that a strict analogy exists between the path of a 
ray of light passing thru refracting media and the path of a 
particle passing thru conservative fields of force. The track of 
an electron moving thru electrostatic and magnetostatic fields is 
therefore similar to the track of a ray of light passing thru 
refracting media. Geometrical electron optics is the name given 
to the subject dealing with the paths of electrons in electrostatic 
and magnetostatic fields when considered from the point of view 
of geometrical optics. 

* Por an analysis of the first lens see “Theory of Electron Gun” by I. G. 
Maloff and D. W. Epstein, I.R.E. vol. 22, Dec. 1934, pp. 1386-1411. 

* The theory of geometrical electron optics has been developed by H. 
Bush, Ann. d. Phys. 81, p. 976, 1926; Archiv. fur. Elekt. XVIII, p. 583, 1927: 
J. Picht, Ann. d. Phys. 15, p. 926, 1932 : W. Glaser, Zeits. f. Phys. 80, p. 461, 
1933; Zeits. f. Phys. 81, p. 647, 1933; Zeits. f. Phys. 83, p. 104, 1933. 
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Analogy of Electron and Light Optics 

The principle of least time may be taken as the basis of geo- 
metrical optics. This principle states that the path of a ray of 
light from point A to point B is always such as to make the 
integral 


/n 

i X, y, z)ds 


ds = element of path 
= index of refraction 
V = frequency 


an extremal (usually a minimum) with respect to all neighbor- 
ing paths for rays of the same frequency. The principle is usually 
stated as 


v.{p, X, y, z)ds = 0 


(w = constant) 


The principle of least action for electron velocities less than 
one-tenth the velocity of light states that an electron of total 
energy E, kinetic energy T and mass m moves thru an electro- 
static field with potential energy F ix,y,z) in such a way as to 
make the action integral 

/B /B % 

S = \ 2 m = \ [2m {E - V)] ds 


over the actual path between the two points A and B an extremal 
as compared with its value for all adjacent paths for the same 
value of E. As the integrand [2m (E-V) is identical with the 
absolute value of the momentum p which the electron would 
assume at {x,y,z) , the principle may be stated as 

/B 

si p[E, X, y, z)ds = 0 {E = constant) (2) 

/A 

A comparison of equations (1) and (2) shows that the path 
of an electron in an electrostatic field may be identified with the 
rays of light in geometrical optics if the index of refraction is 
chosen to be 


tJ. = ¥' [E 


= k'p = kv 


where A; is a constant of proportionality and v is the speed of the 
electron. So the index of refraction at any point of an electro- 
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static field is proportional to the speed of the electron at the point. 
If, as is customarily done, the index of refraction is taken as a 

pure numeric then k must have the dimensions of . The value 

assigned to k is of no importance since only the ratio of /x at two 
different places is used, so that if /ii, and are the indices of 
refraction at two different places, the relative index of refraction 
is 

kih v« 

(A, hh 

Since the potential function V (x,y,z) is a continuous scalar 
function of position it follows from equation (3) that the index 
of refraction of an electrostatic field is also a continuous function 
of position. Optically speaking, this means that an electrostatic 
field constitutes an isotropic, non-homogeneous medium for elec- 
trons (corresponding to a medium of uniformly variable density 
for light rays) . 

If a magnetostatic field be also present then the index of 
refraction is 


e _ _ (.’i) 

tx = k[v - — — {v ■ yl)]* 

\v\m 

where ^.A) stands for the scalar product of the vectors v and A, 
where A is vector potential defined by the relation 

H = CurlA 

Equation (5) shows that /x is a function not only of position but 
also of direction. This shows that a magnetostatic field consti- 
tutes an anisotropic medium for electrons (corresponding to a 
crystalline medium for light) . 

Here, the interest lies in electrostatic fields only and there- 
fore no more will be said of magnetostatic fields. 

Axially Symmetric Focusing Systems 

Therefore certain forms of electrostatic fields will act as 
focusing systems or “lenses” for electron beams, just as certain 

* The Lagrangian function for an electron moving with the velocity 
r(<.ic) thru electrostatic and magnetostatic fields is 
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Ij - " ] o in V" • — I ■ 

From which it follows that 

(dL // 

jnis “=■ I — ds I ■: ■///, /.I 

) J I 

and hence equation (5). 

forms of refracting media act as focusing systems for light 
beams. The forms of fields required will depend upon the type 
of focusing. 

For many purposes, as in the cathode ray tube, the interest 
lies in an electron focusing system having axial symmetry. Most 
optical systems for light consist of a series of spherical refracting 



Fig. 2 — Equipotential Line Plot of Two Cylinders 


surfaces having a common axis of symmetry called the optic 
axis. In the case of light, however, the optical systems are 
usually such that the index of refraction changes abruptly as 
light passes from one to the other medium. In the case of electron 
optics, the index of refraction is a continuous function of position. 

Figure 2 represents a cross-section thru the axis of an elec- 
tron focusing system ; the heavy lines represent two cylindrical, 
metallic electrodes at the potentials Vi and V^, the light lines 
represent the equipotential surfaces in the space (vacuum) be- 
tween the electrodes. From equation (3) it follows that each 
equipotential surface represents a surface of constant index of 
refraction. In Fig. 2 there are shown only a few of the equi- 


— c {II ■ A). 


— - O’ ■ .' 1 )> ds 

\v\ } 
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potential surfaces, actually there are, of course, an infinite series 
of equipotential surfaces having a common axis. The electron 
focusing system of Fig. 2 may therefore be considered as a very 
large number of coaxial refracting surfaces. 

To illustrate the focusing action of the electrostatic field con- 
sider the artificial case of a spherical surface separating two 
media of different indices of refraction. Let S of Fig. 3 be such 
a surface, and let R be its radius; further let the c.s. potential 
to the left of S be Fi, and to the right F^. Now consider an electron 
moving in the direction PO with the velocity Vx- As it arrives 

\ 

\ 

\ 

\ 



Fig, 3 — Electron Refraction and Reflection at Spherical Surface. 

at the surface a force normal to the surface in the direction of R 
will act on it, and when it has passed thru the surface its velocity 
will have changed to, say, v^. The force being normal to the sur- 
face, only the component of initial velocity Vu normal to the 
surface will change; the tangential component of velocity vv 
will be the same on both sides of the surface. From Fig. 2 it 
thus follows that 

Vt = Vx sin i = V 2 sin r 

where i and r are the angles of incidence and refraction respec- 
tively. Hence 

sin i Vi. 

= — = ju. (a constant) (6) 

sin r Vx 

So if be the index of refraction then equation (6) is the well 
Vx 

known law of refraction. 
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It is instructive to express equation (6) in a different form. 
The work done by the field on the electron when it goes from the 
first to the second medium is eiVs-Vi). Then from the law of 
conservation of energy it follows that 

i m v-f — i m vt e (F2 — Fi) 
so 


V'l 

Vi 



Yi m 


(7) 


If further the initial velocity of the electron Vi is that correspond- 
ing to the voltage Vu then I m = eVi, and 


(J- 




{V 2 - Fi) 
Fx 



( 8 ) 


If Fo < Fi, then Fa-Fj, is negative and if in absolute magnitude 
it is larger than im (vi cos i)^ — ^the part of the kinetic energy of 
the electron corresponding to the normal component of its vel- 
ocity — ^then the electron will be shot back from the surface with 
its normal velocity component reversed. The direction of the 
reflected electron makes with the normal to the surface the same 
angle i as that of the incident ray. 


Potential of Axially Symmetric Electrostatic Fields 

To determine the potential distribution in space due to as- 
signed potentials on axial symmetric electrodes it is necessary to 
solve the reduced Laplace equation 

3-F 1 3F 3^F 

+ + = 0 (9) 

r gr 32® 

subject to the boundary conditions that F assume the given 
values of potential on the electrodes. In general, it has not been 
found possible to obtain a simple analsrtical solution of equation 
(9) subject to the actually existing boundary conditions. How- 
ever, the required solution of equation (9) subject to the existing 
boundary conditions is easily obtained experimentally. The equi- 
potential line plot shown in Fig. 2 was thus obtained.* 

* For a method of experimentally determining the potential distribution 
see E. D. McArthur, “Electronics,” p. 192, June 1932. 
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Of great significance is the fact that the potential distribution 
in space is uniquely determined if the distribution of potentia? 
along the axis together with its even derivatives are known. This 
is shown as follows : let V (r, s) be the required solution of ecpia- 
tion (3) , then due to the axial symmetry one can expjind V (r, z) 
into an infinite series containing only even powers of r, i.e., 

F(r, z) = Vo(.z) + Vo^z) + r‘ V^{.z) .... -1- -1- 

( 10 ) 

Substituting (10) into (9) and equating the coefficients of equal 
powers of r to zero there results that 


^2 ^4 

V (r, z) = ro(z) Fo" (z) H Fo'i' (z) + .... 

2* 2" ■ 4- 

( _l)nr^n 

+ Fo“''(z) + . . . . (11) 

2^-4^ (2n)^ 

By setting r = 0 in equation (11) note that V (o, z) = Vo (z) 
i.e. Vo(z) represents the distribution of potential along the axis. 
So if the function Vo(z) together with all its even derivatives 
are known, then the potential distribution off the axis can be 
found by means of equation (11). 


Equations of Motion of Electron 

The equations of motion of an electron moving in a meridian 
plane are 


dH dV 

m = e 

dV dz ( 12 ) 


dV 3F 

m = e 

dt^ dr 


In terms of the axial distribution of potential these equations 
become from equation (11) 

dh r r* 

(2) -—Vo(^Hz)+. . . . 


+ 


(~ l)n r 


2ri 


(2 n + l) 

7o (0) + 


22-42 ... . (2n)2 
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dPr 

•})i “ ' ~ c 

dir 




(- 1)« r — I 




2---I- .... (2/1. - lF-2/1 “( 2 ) + . . . . 

Energy Equation 

Adding the two equations (12) we have 


(13) 


•///. 


(Iz /ik\ dr /dr\-\ / dV dV \ 

,U '' ( *) + M ‘‘ ( ^jj ■ * ( 


(14) 


Equation (14) is exact and its solution is 

If the velocity of the electron is zero when 7 = 0 then C = 0 and 


■2 ill. V- 


r/dzy /dr\2'l 


eF 


and 


.^2 


(15) 


(16) 


V = 2— V = 5.95 X 10 WF volts cm/sec 

ill. 1 

If V — Vg when F = 0 then C = Vo^ and 

im (v^-Vg^) = e V 

If further the velocity Vg be given in equivalent volts then 
Fo 


^mvo^ = e 


and 


300 


Vo 


= J2± ( iJill] = 5.95 X 10^ V(F + Fo) volts cm/sec (17) 
1 m \ 300 / 


Differential Equation of Trajectory of Electron 

It will now be shown that the trajectory of an electron trav- 
ersing an axially symmetric electrostatic field described by the 
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potential function V{,r,z) satisfies the follow injr difrerential 
equation 



To show this note that 


( 18 ) 


dV d 
d1^ dt 


/d,r\ dz d /drdz\ /(lz\~ (i- i 
\dty dt dz^ dz dt’ ^ dt ’ d,:" 


dz \ ■’ d'-’r 


d^z d / dz\ dz d / dz\ 
dP dt^ dtT dt ds^ dt ' 


dz d / ds 
dt dz ^ dt ■ 


dr dz a 
' dz dt dz 



(19) 


( 20 ) 


and that (15) may be written as 

From equations (19), (20) and (21) it follows that 



dr d"s 
h 

dz dl" 


) 


Inserting into (22) the values of and as given by 

equations (12), there results equation (18). 

It is of interest to note that ~ does not appear in equation 

(18) , signifying that the trajectory is the same for any charged 
particle. Further, it is to be noted that equation (18) is homo- 
geneous in V so that if the voltages on the electrodes are all 
increased by a constant factor the trajectory of the electron will 
remain unaltered. Equation (18) is also homogeneous in r, z 
so that if all dimensions are increased by a constant factor then 
the trajectory is also increased by the same factor. 
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Paraxial Electrons 

An optical system is usually described in terms of paraxial or 
first order imagery. Actual imagery departs from paraxial imag- 
ery. Such departures are described as aberrations. 

The focusing action of an electrostatic field is similarly 
described to a first approximation by considering only paraxial 
electrons. Paraxial electrons are characterized by the fact that 
in calculating their paths it is assumed that their distances from 

d/r 

the axis, r, and their inclination towards the axis, , are so 

d/T 

small that the second and higher powers of r and are neg- 
ligible. 

For the case of paraxial electrons equations (11), (13) and 
(15) become 

V ir, 2 ) =zVo{z) (11) P 

J/^T T 

m — — e — Fo"( 2 ) 

dP z (13)p 

dh 

m = e Vo (z) 

dP 


Yl in 



= e 7o (s) 


(15)p 


and that the differential equation for the trajectory traversed by 
a paraxial electron becomes from equation (18) 


d^r Vo' dr Vo" 

1 _ ^ r= 0 

dz^ 2Vo dz 470 


(18)P 


The letter p after the equation number is to indicate that the 
equations so lettered are valid for paraxial electrons only. 

Equation (18) p (or equations (13) p) may be taken as the 
fundamental equation of the electron optics of axially S3nnmetric 
electrostatic fields. 
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The Two Fundamental Trajectories 

Multiplying equation (18)p by y'V there results the self- 
adjoint* equation** 


__dV 1" dr V" 

L (r) = ‘ 


d 

dz 



V" 

-f- r =-■ 0 

4V'l'' 


m)p 


Letri(s:) andraCs) be two independent solutions of (18)p repre- 
senting the trajectories of two electrons then 


d / .... / d)\ 



{'M)p 


Integrating this equation between the limit a and b there results 
that*** 


L (n) - n L (r-f^-dz = 



substituting the limits, 


VV (6) [r. (6) i/ (&) - n (?>) r/ (6)} = 
vy (a) {ra (a) ir' (a) — n (a) r/ (a)} (2b) p 


In particular let ri(z), 
following values at a and b 

ri(a) =hi 
ri'(a) =0 
r 2 (a) = 0 
r 2 '(a) = tan 


‘'(z) and r-J (z) assume the 


riib) =0 
r/(6) = tan /3.. 
r2(b)= — h2 (26) h 
r2'(b) = 0 


*. See “Ordinary Differential Equations,” E. L. Ince, page 216. 

** For the remainder of this paper V stands for the axial distribution 
of potential. 

*** This discussion is limited to e.s. fields having finite extension i.e. 
V=V(z) for and F = constant for oc'^z'^P and further 

a ^ oc and b ^ )3. 
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then equation (25)?) reduces to 


\/l il)) //-itau ^2 = \/V (a) hi tan Pi (27)p 

The two trajectories n(z) and raiz) satisfying equations 
(26) p will be called the two fundamental trajectories. Figure 4 
shows two fundamental trajectories. Any two independent 
trajectories may be taken as the fundamental pair, this particular 
pair is chosen because by means of this pair the usual optical 

V(b)= CONSTANT 



I-' h ^ 

^ h ^ 

Fig*. 4 — Two Fundamental Trajectories. 

relations are easily obtained. Thus equation (27)23 corresponds 
to Lagrange’s Law 

[iJintanPa = 

Let /i and A be the focal lengths of the focusing system then 
(see Fig. 4) 


hi hi 

fiz=z and fi = (28) p 

tan j8i tan ^2 


by definition. Inserting (28)23 into (27)23 there results that 


_ JV (b) 
fi ^F(a) 


( 29)23 


Equation (29)23 corresponds to the well known optical relation 
that the ratio of the focal lengths of a system is equal to the 
ratio of the indices of refraction on the two sides of the system. 
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Further let 

hi -h-. 

Xi = and X., ( :50 ) p 

tan /3i tan (}■> 

then from (30)33 and (28 )p it follows that 

XiX2=zfih (31)/^ 

Xi is the distance between an object and the first focal point and 
Jfs is the distance between the image and the second focal point. 



Fig. 5 — Location of Cardinal Points. 

if hi is the height of the object and h^ is the height of the image. 
The magnification is from (28) p and (30) p 

h2 fi X^ 

m = — = =: (32)p 

hi Xi U 

The points Fi, Fa, Hi and Ha shown in Fig. 6 constitute the 
set of cardinal points of the focusing system. Fi and Fa are the 
first and second focal points and Hi and Ha are known as the 
first and second principal points, respectively. 

Equivalent Lens op Axially Symmetric Field 

By determining the two fundamental trajectories ri (z) and 
r 2 (z) one is enabled to determine the location of the cardinal 
points of the focusing system, i.e., the location of the focal and 
principal points. A knowledge of the location of these cardinal 
points is sufiicient for the determination of the paraxial focusing 
action of the field. It is therefore permissible to replace the 
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electrostatic field by the set of cardinal points. This set of 
cardinal points constitutes a lens, which may be called the equiv- 
alent lens of the field. 

It is thus seen that an electrostatic field having axial sym- 
metry will bring a paraxial electron beam to a focus. Fields 
possessing axial symmetry may be produced by applying various 
voltages to electrodes having geometric axial symmetry, such as 
coaxial cylinders, cones, disks with apertures, etc. Figure 6 
gives the axial cross-sections of several focusing electrode com- 
binations, together with the distribution of potential along the 
axis. 

Deteemination op Caedinal Points 

It is now appropriate to consider in some detail how to eval- 
uate the focusing action of an axially symmetric electrostatic 
field, i.e., how to find the cardinal points of the equivalent lens. 
Referring to Fig. 5 let Sx and So be two equipotential surfaces 
such that the space to the left of Sj is equipotential and is at 
potential Vx and the space to the right of S3 is equipotential 
and at the potential F3. The potential in the region between 
Si and S3 varies continuously, in some such manner as indicated 
in Fig. 2 . Then the paraxial electron ( 1 ) moving parallel to the 
axis in the equipotential space to the left of Si will, after x)assing 
thru the focusing system move in a direction inclined at an angle 
to the axis and will pass thru the axial point Fo. All paraxial 
electrons moving parallel to the axis in the object space* will 
pass thru F2. The point is known as the second focal point. 
The plane passing thru the second focal point and perpendicular 
to the axis of symmetry is known as the second focal plane. 

The plane perpendicular to the axis and passing thru the 
point of intersection of the original and final directions of motion 
of the electron ( 1 ) is known as the second principal plane. The 
point of intersection H2 between the second principal plane and 
the axis is known as the second principal point. The distance 
H2F2 denoted by /2 is known as the second focal length. 

Similarly, the paraxial electron ( 2 ) moving parallel to the 
axis in the image space will after passing thru the focusing 
system move in a direction inclined to the axis, and will pass 
thru the point Fx in the object space. Fx is known as the first 
focal point. Fx may also be considered as that axial point in the 

* The region to the left of the plane Hi is the object space and the region 
to the right of Hi is the image space. 
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(>bj<‘ct Kpuc<‘ from which all electrons, after passing thru the 
focusing system, are ])arallel to the axis in the image space.' 

The plane i)erp<ni(licular to the axis of symmetry and passing 
thru the lirsl, focal point is known as the first focal plane. The 
plane perpendicular to the axis and passing thru the point of 
intersection of the original and final directions of motion of the 
electron (2), is kjiowm as the first principal plane. The point of 
intersection, /f,, of the first ])rincipal plane and the axis is known 
as the first i)rincipal point. 

It is tt) bci nottKl that in Fig. 5 the principal planes are crossed, 
that is, the object and image spaces overlap. This is a charac- 
teristic of hmses having indices of refraction different on the two 
sides. As any two electrode electrostatic lens will have the 
indices of refraction (i.e., the speeds of the electrons) different 
on the two sides of the lens, it follows that any two electrode 
ekictrostatic lens will have its principal planes crossed. 

Use op Cakdinal Points 

Having the cardinal points of the lens one may now obtain 
either graphically or by means of equations (31) p and (32) p 
the position and magnification of a given object. Thus in Fig. 5 
let A B be an object from which electrons issue (to make it more 
concrete let the object A JS be an aperture thru which electrons 
are passing). Then a paraxial electron coming from B and mov- 
ing parallel to the axis will after passing thru the lens go in the 
direction FJB'. A paraxial electron issuing from B in the direc- 
tion BF\ will after passing thru the lens go in the direction 
H''B'. Similarly, for every point of the object A B, and so the 
inverted image A' B' is obtained. The ratio A' B'/A B gives the 
magnification. The electron image of A P becomes visible if a 
fluorescent screen be placed in the plane of A'B'. 

Instead of obtaining the position and magnification of the 
object graphically one can, more simply, obtain them with the 
aid of equations (31)p and (32)p. Thus, since the values of Xi, 
fi and /a are known, Xs the distance between the second principal 
plane and the image is calculated from equation (31) p as 


fl fi 



and the magnification m is by (32) p 

fl _ 
m_ — ^ _ 


:f2 

fi 
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Similarly, if the position and size of the image are known, then 
equations (Bl)p and (32)p detei-mine the position and size of 
the object. 


Types of Electeostatic Lenses 

For purposes of identification several different types of elec- 
trostatic lenses may be distinguished. By a unipotential lens 
shall be meant one for which the potential (or the index of refrac- 
tion) on the two sides of the lens is the same. Whereas if the 
potential on the two sides of the lens is different, th(i lens will 
be called a bipotential lens. It is to be noted that all two electrode 
lenses are bipotential. (See Fig. 6(a.) and (h)) 

There is a third type of lens which is of importance in the 
field of cathode ray tubes ; this is the immersion lens. This lens 
is characterized by the fact that the object is immersed in the 
lens. This is the lens existing at the cathode of most cathode ray 
tubes.* (See Fig. 6(e)) 

A fourth type of lens which is mentioned but which is of 
little interest here is the so-called aperture lens — see Fig. 6d. 
The only reason it is here mentioned is that it is the only electro- 
static lens of those mentioned that can be made convergent or 
divergent. The unipotential, bipotential and immersion lenses 
are always convergent. 


Thin Lens 

In general all lenses are “thick lenses.” A knowledge of the 
positions of the focal and principal points is sufficient for the 
determination of the focusing action of a “thick lens.” To com- 
pute the positions of the cardinal points it is necessary to deter- 
mine the fundamental trajectories. The calculation of the 
fundamental trajectories is accomplished by the integration of 
equation (18) p. 

A considerable simplification is effected by considering a 
lens as “thin.” A thin lens is one having negligible thickness 
along the axis of symmetry and is characterized by the fact that 
the two principal planes are assumed to coincide with (say, 
center of) the lens. The paraxial focusing action of a thin lens 
may therefore be completely determined as soon as the location 
of the lens and one of the focal lengths say h is known, for by 
equation (29) p, also becomes known. 

* See Fig. 11 of “Theory of Electron Gun,” l.c. 
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Since; lor only iens of zero tliickness will the two principal 
planes coincule with the iens, a practical thin lens will only 
appr<;xijnal;eiy have the characteristics of the ideal thin lens. 

For a thin lens the electrostatic field is confined to such a 
narrow range oC z that the electron is in the field for such a short 
time that r remains sensibly unchanged during the time the 
electron is in the field. Thus let r = Vo be the value of r when 
the electron is in the field, so equation (18) p becomes 


(jyr V' dr V" 

1 1 I'o — O (18)'p 

dz" 2V dz 4F 

Let 

\/V~ dr 

= P 

ro dz 

then c(|uation (18)'p becomes 


dP F" 


dz WV 

Let the electrostatic field be confined within the narrow range 
a-'' z - ih then integrating between these limits 

p, - p,. + i 7 7= dz = 0 
;a 4V\- 

Now consider an electron in the object space z ^ a moving par- 

dr 

allel to the axis at the distance ro from the axis then at a — = 0 

dz 

and so P„ 0. At h the electron issues from the lens still at 

dr 

the distance ro but with the slope — = — r' (&) so that 

dz 


\h 


VVb 


ro 


r'{h) 


VV (b) 

h 


since 


1 

/a 


r'(h) 

To 


by definition, 


1 1 fb V" , 

— = .1 — dz 

h WV{h) Ja VF 


1(33)? 
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From equations and (29)'/) it follows that 


1 

7i 


’/ ) / a \ ^ 


(h 


•I v'l ' (rt) 

By partial integration it may be deduced that 


'b r" 

\ - Z-- (h 

L VK 


/I. (!•')•“ 

' 2 ( ' 'fc 

V r=> 


So equations (33) p and (34) p become 

1 1 /'> o;')" ^ 

/a S v/l (l>) / a V 1 ■’ 

1 I _ /1> (r')'; 

~ .S\/T1«) )a V''"!"' 


i ;!1 )p 
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Part II. Optics op Two Overlapping Coaxial Cylinders 

The electron beam of a cathode ray tube used for present day 
purposes is usually focused by means of two slightly ovi>rlapi)ing 
coaxial cylinders. Such a focusing system is shown in Fig. 2. 
As was shown in Part I^ one may, for paraxial purposes, replace 
this focusing system by its four cardinal points constituting the 
equivalent thick lens. 

In order to determine the fundamental trajectories, it is 
necessary to solve equations (13)p or (18) p. An exact solution 
of these equations is obtainable only for simple expressions for 
y («) . The distribution of potential along the axis due to two 
coaxial cylinders of various diameters is not represented by these 
simple expressions. If an analytical expression for V is avail- 
able, then equation (18) p may be integrated in the form of an 
infinite series. 

There is no analytical expression for V{z) available in the 
case of two long coaxial cylinders of different diameters. How- 
ever, V (z) may be obtained experimentally. But before equation 
(18) p is ready for solution, it is necessary to know 


/ dV \ / d,‘-Y 

y'(z) ( = I and y" (z) ( = 

^ dz ' \ d-z^ 


These may be obtained by graphical or numerical differentiation 
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()1 V(,;). With F(,; ) , v niul V" known equation (13)2) or (18)2? 
may lx; iiitojirated by any step by step method of approximation. 

Il T , such as shown in Fig. 2, is determined experimen- 
tally then OIK! may measure the radii of curvature of the equi- 
potential siirlac.(!s along the axis and obtain a relation between 
V' and V" which one may use as a check on the graphical or 
numc'rical dilbiruiitiation. The relation between the radii of 
curvature /. along the axis and V' and V" is* 

2V'(z) 

i> ™ 

V" (z) 

Er.ncTuoKi’ATrc Field op Two Cylinders 

Consid(!r the bipotential lens (Fig. 2) due to two long metallic 
cylinders of diameters (h and d^, and charged to potential Fi 
and V.,** 

If one of the diameters, say di, is chosen as the unit of length 
(in both the o- and z directions) then a given ratio of cylinder 
diameters, d-^/d^ always represents the same configuration of 
elect;rodes, i.e., two cylinders, one having a diameter of unit 
k!ngth and the other having a diameter of d^/di units of length. 
This unit shall be designated as the g.d. (gun diameter). 

A given ratio of diameters, d- 2 /di, will for given voltages Vz 
ami V\ always produce the same distribution of potential. Thus 
hh'g. 2 reiireserits the potential distribution for any di and dz 
Cor which di is taken as the unit of length and dz/di is that given 
in Fig. 2. The use of the g.d. as the unit of length greatly simpli- 
fies th(! presentation of information. Thus the two fundamental 
trajectories iind the accompanying cardinal points determined 
for given cylinder diameters dz and di are also the fundamental 
trajectories for all cylinder diameters dd and di' for which 

d-z' dz 

di' ~ di 

The differential equation (18) for the trajectory of an elec- 
tron remains unchanged if one replaces V by IcV where k is a 
constant. Hence the trajectory of an electron will remain un- 
altered if the voltages on the electrodes are all multiplied by the 

* Sec Appendix II of “Theory of Electron Gun,” I.e. 

♦* The potential of the Cathode is here taken as the reference of potential. 
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same factor. The two fundamental trajectories and the accom- 
panying cardinal points depend, therefore, not on F; or but on 


. So that if the cardinal points are determined for given poten- 

Fi 

tials Vx and Vo they remain the same for any Vi' VC so long as 


Zl _ Z“ . Hence a given voltage ratio and a given diameter 

y,' ■“ Fi 

ratio uniquely determine the positions of the cardinal points of 
the electrostatic field if the g.d. be used as the unit of length. 

From the fact that the potential function is relative, it follows 
that a given equipotential plot such as that shown in Fig. 2 is 
independent of Fi or Fa but depends solely upon Fj-Fa. So that 
a given equipotential plot may be used for the determination of 
the fundamental trajectories for any voltage ratioFa/Fi. 

Hence the important result that a given axial distribution of 
potential (such as shown in Fig. 2) determined for two cylinders 
of diameters di and da and charged to potentials Fi and Fa enables 
one to determine the positions of the cardinal points of an elec- 
trostatic lens made up of two cylinders of diameters da' and di 


da' da 

if — = — and with any voltages on the electrodes. 

di' di 


Cardinal Points of Electrostatic Field of Two Cylinders 

Figure 7 shows the position* of the cardinal points for a 
given voltage ratio and diameter ratio. From the equipotential 
line plots such as shown in Fig. 2, the fundamental trajectories 
are calculated and the positions of the cardinal points are deter- 
mined for a series of values of voltage ratios and diameter ratios. 

It is to be noted from Fig. 7 that (1) the principal planes are 
crossed — ^that is, the object and image space overlap — (2) the 
focal length of the image space fo is greater than the focal length 
of the object space h; (3) the principal planes are located inside 
the first anode (for Fi < Fa) . These properties are inherent in 
a bipotential lens. 

Figure 8 shows how the cardinal points vary with the voltage 
ratio for a diameter ratio 3.6. It is seen that the focal lengths 
decrease — i.e., the power of the lens increases — as the voltage 
ratio is increased. Figs. 9, 10 and 11 show the variation of posi- 

* It is convenient to locate the focal points, Pi and Ps, by their distances 
from the end of the gun. Starting with Pig. 7, Pi and Pa are therefore indi- 
cated as lengths. 
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tions of the cardinal i)oints with voltage ratio for different 
diameter ratios. Figure 12 shows how the cardinal points vary 
with the diameter ratio for a given voltage ratio. 

It should be clear that to a given voltage ratio and diameter 
ratio there corresponds but one set of cardinal points if the g.d. 
be chosen as the unit of length. It is worth noting, that a given 
ratio of diameters determines the shape (curvature) and the 
distance between the refractive (equipotential) surfaces (see 



Fig. 2) , while the voltage ratio determines the indices of refrac- 
tion between the various surfaces. 

The curves of Figs. 8, 9, 10, 11 and 12 show how the cardinal 
points vary when Yi./Vx and ds/di are varied. From these curves 
one can determine how the cardinal points vary by varying only 
one of the variables Vi, di, and d^ and keeping the other 
three constant. Thus by increasing V^, keeping Vi, di and di 

constant, increases and the focal lengths decrease; by in- 

creasing Vi the focal lengths are increased. By increasing ^ 2 , 
increases and so the focal lengths are increased, and by in- 
creasing di, -i- decreases and so decreases the focal lengths. It 

di 
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must be carefully noted, however, that by increasing <U the unit 
of length is increased. 



Fig. 8 — ^Variation of Optical Constants with Voltage Ratio, 


BOMBER OF 50N D AMETSRS 


429 


h'pHtcin : Kh rlrutt Optiml ^yntcm. of Tivo Cylinders 

IJSK OF ( JlTIWES OF CARDINAL POINTS 

As an (‘xaniplt^ to illustrate the use of the curves of Figs. 9 
to 12 consider the cathode ray tube shown in cross section in 
Fig- 1 - Siipi)<)se it were found that in order to obtain the mini- 
mum spot on tht' screen with 1000 volts on the first anode it is 



Fig. 9 ^Variation of Optical Constants with Voltage Ratio. 
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necessary to have 5000 volts on the second anode. Ii''urther let 
^2 = 3.6 cm and di = 1.5 cm. Then from Fig. 9 note that for 

da Fa 

— = 2.3 and — = 5, 

di V^ 



Fig. 10— Variation of Optical Constants with Voltage Ratio. 
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fi ^ 2.5 //.fZ. Fi it :. —3.7 g.d. 

U ; F:.^ + 3.5^.d 

(It must be remembered that these cardinal points hold only 
for paraxial electrons— in order to use these cardinal points it 
is therefore necessary to have the aperture Ax sufficiently small 
so as to penanit only ])araxial electrons to enter the lens.) 
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Let q, the distance between the screen ami (.‘iid ot Kun, be 
15 g.d; then 

Z 2 - g — Fa = 15 — 3.5 . 11.5 </.d. 

So by equation (31) p 

UU — 2.5Z(+5.6) 

Xi = — 1.2 (J.d. 

Xi + 11.5 

and p, the distance between object and end of ^^un is 
p = Zi + Fi “ — 1.2 — 3.7 - — 4.<) (J.d. 

By means of equation (32)?; the magnification of the object 
is determined. Thus 

A __ 2.5 

~ Zi~" 1.2 

and if the size of the spot on the screen is measured to be 0.5 mm 

5 

then the size of the object being imaged on the screen is 

= .24 mm. So by knowing Vi/Vx, di/dx, q and the size of the 
spot one can by means of the curves of Figs. 8 to 12 and equa- 
tions (31)23 and (32)23 determine the position and the size of 
the object that is imagined on the screen. 

A knowledge of the positions of the cardinal points permits 
one to give quantitative answers to the following questions: 
What will be the effect on the spot size of a given tube if 

(1) the length of the first anode is varied ? 

(2) the diameter of the first anode is varied? 

(3) diameter of second anode is varied? 

(4) the ratio of voltages on the two anodes is varied? 

(5) the distance between the screen and gun end is varied? 


It is to be noted, however, that in order to keep the object focused 
on the screen (minimum spot on the screen) it is necessary to 
vary at least two of these variables. Thus, if in the above ex- 
ample, the length of the first anode is changed, it will be neces- 


y 9 

sary to change ~ or gun screen distance in order to keep the 
" 1 

minimum spot on the screen. 

The calculation of the effect of the various variables is there- 
fore not straightforward but requires several trials. Thus, in 
order to use the curves of Figs. 8 to 12 to calculate the effect on 
the spot size if the length of the first anode is changed, while the 
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Pig. 12 — Variation of Optical Constants -with Diameter Ratio. 


remaining dimensions in the tube remain unaltered, it is first 
necessary to know the voltage ratio for the new object distance 
at which the spot is focused. To get around this difficulty note 


that with a given ratio 


d, 


and given q, 


h 

Fi 


can be calculated as 


a function of p and to each p (and the corresponding 
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magnification can be calculated so that the curves shown in 
Fig. 13 may be plotted. Figure 13 then gives the change in spot 
size and voltage ratio caused by a given change in object dis- 
tance. The curves of Fig. 13 hold for a given image distance; 
similar curves can be calculated for other image distances. 



Fig. 13 — ^Magnification and Voltage Ratio vs. Object Distance. 


Thin Lens 


If the object and image are at large distances from the end 
of the gun then to a fair approximation the two principal planes 
may be assumed to coincide and to be located at the end of the 
gun. Under these circumstances, the following simple formulae 
apply 


and 


+ — 

P s 


wr _ VW 
h ~ ~f7 


(37) p 


p 'v 


(38)p 


where p and q are the object and image distances measured 
from the end of the gun and h is the first focal length, which 
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may b(; calculated from the formula for the focal length of a 
thin lens giv<;n by emulation {3o)p. For this case it is not neces- 
sary to (h'termine th(j fundamental trajectories. 

A much Ixittisr approximation is to consider the lens thin, — 
that is to assume that the two principal planes coincide — , but 
to assume the thin lens to be situated between the two principal 
planes of the thick lens. Here the above formulae still apply if 
p and q are measured from the assumed position of the thin lens 
instead of from the end of the gun. For this case it is necessary 
to d<.dermine one. fundamental trajectory. It is seen from Figs. 
8-12 that this thin lens is situated about 1.5 g.d. inside the first 
anode. 


Expkrimental Determination of Cardinal Points 

The position of the cardinal points may be determined ex- 
perimentally if the magnification is known for two given posi- 
tions of object and image. Thus in Fig. 7 let AB, representing 
a fine wire me.sh of known dimensions, be the object. The object 
is "illuminated” with electrons originating at a cathode to the 
left of AB, and is imaged on a fiuorescent screen. Let the dis- 
tance between the mesh AB and end of gun be p, the distance 
between end of gun and fluorescent screen be q, and the mag- 
nification with which the mesh is imaged on the screen be m. 
Then from Fig. 7 and the relation for magnification 


h X. 

m — = 


it follow.s that 


p = Xx + Fx = -h Fx 

m 


(32) p 


(39)p 


q — Fg = w/a F 2 (40) p 


Then if Pi, qi, and mi correspond to one position of object 
and P 2 , qz, and correspond to another position of the object 
(for the same lens, i.e., the voltage ratio and diameter ratio be- 
ing fixed), then it follows that 


/x = mimz 


( 


Pi — P2 


Ml — W2 


) 


(41) p 
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Qi — <h 

h - 

m-2, — »; 1 

tillVi Vh^); 



■nil — m-. 


F-j — 


'ni-Jh — 


•»«.„ — -nil 


( 42 ) 


(•12)'/^ 


(44)?. 


Equations (41)?5-(44)?) allow one to dotermino the positions 
of all the cardinal points provided the sets of conjugate; (pianti- 
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Fig. 14 — Gun with Sliding Mesh. 

ties Pi^imi and p-q^'nH are known. An obvious method for de- 
termining these quantities is to use a tube having two indepen- 
dently moving parts — ^the object mesh and the fluorescent screen 
on which to image the mesh. It is very difficult, however, to 
build a tube with two independently moving parts which move 
over considerable distances. 

It is relatively simple, however, to build a tube with one 
moving part and especially so if the moving part is the object 
mesh. Fig. 14 shows the cross section of a gun having a moving 
mesh. The mesh is welded onto an aperture cup which slides 
inside the gun by merely tilting the tube. The position of the 
mesh inside the gun is indicated by an index on the outside of 
the gun which is calibrated. 

To determine the two sets of quantities and Panama 

by means of a tube having only a moving object, one may pro- 
ceed as follows. The gun is inserted inside a glass blank with 
the screen at a known distance, say Qi, from the end of the gun. 
The voltage ratios required to focus the mesh on the screen and 
the magnifications of the mesh are then noted for various known 
positions of the mesh. The results are then plotted as shown 
by the curves -px and mi of Fig. 15. The same gun is then in- 
serted into a blank with the screen at a different distance, say 
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1 1 'fjni th(i tJiul ol' the gun. The measurements are repeated 
with this Ijlank and the results plotted as given by the curves 
and of Fig. 15. 

'rho positions of the cardinal points may then be calculated 
by means of equations (41) p- (44) p and the four curves (pi) (mi) 
i'lh) (W'i) of h’ig. 15. To do this it is necessary to choose the 
quantities m and p along a vertical line corresponding to a given 
voltage ratio. 



Fig. 15 — Magnification and Object Distance vs. Voltage Eatio. 


The curves of Fig. 15 were determined, by the method just 
described, for a lens corresponding to a diameter ratio of 1.5. 

The accuracy of determining the positions of the cardinal 
I)ointa by means of equations (41)p-(44)p depends greatly upon 
the accuracy with which the quantities Pz — Pi, qz — Qi, and 
— mi may be determined from the curves of Fig. 15. A glance 
at the curves will show that the accuracy of the quantity pz — Pi 
is rather poor, since it is the difference of two nearly equal quan- 
tities. The quantities Qz — qi and m^ — mi are quite accurate, 
however. 

To avoid the use of the quantity pz — Pi one may, instead of 
using equations (41) p — (44) p proceed as follows. Determine 



/a by means of 


Qi — <h 


W2 — mi 


(42) p 
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/i iH then determined by the relation 


/. 


— 1 


Vi 


h 


V, 


and the (luantitios Fi and Fa are determined by 

fi fi 

F, : .:p,+ 

nil Mi 

Fo 4 - niifi = go 4 - ^2-2/2 


(45) p 

(46) p 


wherein U and fi are the values obtained by means of (42)2? 
and (29)2?. 



Fig-. 17 — Magnification vs. Object Distance. 

The focal lengths and the positions of the focal points de- 
termined as described above are shown plotted in Fig. 16. In 
Table 1, the value of A, fi, Fi and Fa determined from the 
experimental data are compared with the theoretical values 
taken from the curves of Fig. 10. The agreement is within ex- 
perimental error. 
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The data as plotted in Fig. 15 is useful only for the deter- 
mination of the positions of the cardinal points. The data has 
been replotted in Figs. 17 and 18 showing how the magnification 
and the focusing voltage ratio vary with the position of the 
object (or gun lengths) for three positions of the scrc'en (or 
gun-screen distances). These curves are very useful as gun 
design information. 



Pig. 18 — ^Voltage Ratio vs. Object Distance. 


Thin Lens 

The method described above determines the positions of all 
the cardinal points and therefore determines the thick lens 
equivalent to the focusing field. If the object and image are 
sufficiently distant from the lens we may to a fair approxima- 
tion consider the lens as thin and situated between the two prin- 
cipal planes of the thick lens. The position and the focal lengths 
of the thin lens may be determined experimentally by simply 
noting the distance between object and image, magnification, 
and voltage ratio at which the object is focused on the screen. 

Thus in Fig. 19 let L be the equivalent thin lens and let u 
and V be the object and image distances measured from the thin 
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Ions. Th(i following thin lens relations then apply 



Fig. 19 — ^Position of Thin Lens. 


Besides these the following two relations also hold 

u + V = d 

/Ta 

where d is the distance between object and image. 
It follows from equations (48) p and (49) p that 


d 


(49) p 

(50) p 

(51) p 


u 
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rctiml 

mental re.tieal 
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reticnl 

mental 

re tie at 

4.5 

4.9 

5.1 

— 2.3 — 2.4 

2.9 

3.2 

— 1.1 

— 3.8 

6.0 

4.4 

4.7 

— 2.0 — 2.1 

3.0 

2.9 

— 3.7 

— 3.4 

5.5 

4.2 

4.3 

— 1.8 — 1.9 

2.3 

2.7 

— 3.3 

— 3.1 

6.0 

4.0 

4.1 

— 1.7 — 1.7 

2.0 

2.4 

— 3.0 

— 2.8 

6.6 

3.8 

3.9 

— 1.5 — 1.5 

1.8 

2.1 

— 2.7 

— 2.6 

As u 

is the distance between objc^ct and 

Iona, 

e(}uation 

(51 )p 


permits one to determine the position of the lens. Substitutiii}? 
(51)p and (49) p into (47) p there results that 


/, 


)l! 


' V. 


{")2)yj 


Equation (52) p determines the first focal length; it is seen from 
equation (52)p that for large magnifications 


fi^u 


(5:5)p 


The second focal length is determined by equation (50) p. 

It is thus seen that to obtain the position of the thin lens and 
the two focal lengths U and h it is merely necessary to know 

(1) d, the distance between the object (mesh) and the image 
(screen), (2) m, the magnification of the object, and (3) Va/F, 
the voltage ratio required to focus the mesh on the acretm. 

Using the data of Fig. 15, the position and focal lengths of 
the thin lens were calculated by means of the above relations. 
Fig. 20 gives the position and the focal lengths as functions of 
the voltage ratio. Comparing Figs. 16 and 20, it is seen that the 
thin lens is situated between the two principal planes of tin; 
thick lens. 


Defects of Electron Focusing System 
The defects may be roughly classified as : 

(1) Those associated with construction 

(2) Those associated with aberrations 

(3) Those associated with space charge or mutual repul- 
sion between the electrons in the beam. 
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Fig. 20 — Position and Focal Leng^ths of Thin Lens vs. Voltage Ratio. 


The defects of the first class may be caused by 

(a) The two focusing cylinders not being coaxial 

(b) Cylinders being out of round 

(c) Cylinders and aperatures not being coaxial, etc. 

These defects may all be overcome by a more careful construe- 
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tion of the tube. In what follows it will bo a.ssumoci that the tulte 
is well constructed. 

The defects due to space charpre will not bo discussed in this 
paper. 

ABKRRATtON 

In optics it is customary to spt'uk of first, third, fifth, idc. 
order of imagery. Paraxial imagery being synonymous with 
first order imagery. Third order imagery is usually considered 
as first order imagery upon which are superimiio.sed third or- 
der monochromatic aberrations. Similarly, with the fifth and 
higher orders of imagery. The number and comph'xity increa.si‘ 
rather rapidly with the order of imagm-y, so that the usual 
treatment of the aberi-ations limits it.self to the aberrations of 
the third order. 

There are five monochromatic aberrations due to third order 
imagery. These are 

(1) Spherical aberration 

(2) Coma 

(3) Astigmatism 

(4) Curvature of the field 

(5) Distortion 

Besides these monochromatic there are two chromatic alamru- 
tions. For these it is usual to assume jiaraxial imagery and to 
deduce the aberrations from the variation of the indices of re- 
fraction with the wavelength of light. 

Similarly, one may speak of first and highim orilers imagery 
in electron optics. Thus one may speak of the various orders of 
imagery according to the number of terms that oni' uses in the 
expansion for the potential [equation (U)|. For first order 
imagery (paraxial) only the first term was used, assuming that 
the radial force on an electron [equation (I3)p[ is proportional 
to its distance from the axis. For third order imagery thi* sec- 
ond term would be included, etc. 

A first order or paraxial di.scussion of a focu.sing .system is 
an approximate description of the Imagery which i.s very u.seful 
for most purposes, but is not sufficiently complete to serve as a 
basis for the final design of a cathode ray tube. The aHsumption.s 
underlying paraxial imagery are true only if the aperture of 
the lens and the size of the object are very small. To obtain the 
necessary current in the beam it is necessary to have quite a 
large aperture. Therefore, the imagery actually existing in 
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cathode ray tubes departs from paraxial. For a final design it 
is therefore necessary to know the aberrations of the focusing 
field. 

The task of theoretically determining any of the monochro- 
matic aberrations for a particular case is extremely difficult and 
of little use. The only practical method available for determin- 
ing the aberrations in any particular case is the experimental. 
The chromatic aberrations are negligible in cathode ray tubes. 
Of the five monochromatic aberrations enumerated above, it 



Fig. 21 — Imaging in the Presence of Spherical Aberration. 


is only the first three that affect the definition of the image 
points ; the last two affect only the position of the image point. 
The size of the object of the final focusing field of a well designed 
cathode ray tube is about .1mm. If the gun is well lined up one 
may consider the small object to lie wholly on the axis. In this 
case, the electrostatic lens focusing the very small object will 
display spherical aberration only. If the gun is not well lined 
up, then the small object will lie off the axis and the lens will 
also display coma and astigmatism. Coma and astigmatism may 
be present even. though no spherical aberration is present. 
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Spherical Abekration 

In the case of a well dcKsigned aiul well constructed cathode 
ray tube, the only aberration (neglecting space charge) damag- 
ing the spot size is spherical aberration. It is, thercd'ore, esstm- 
tial to determine the amount of spherical aberration prestmt in 
various lenses, used in various manners. Third order iinagtn-y 
limits itself to small apertures. In the experimental deUu'mina- 
tion of the spherical aberration, it is not necessary to limit oms 
self to the third order imagery. 

In the presence of spherical aberration, all electrons coming 
from an object point on the axis do not recombine at one point 
on the axis — as paraxial theory predicts — but rather intersect 
the axis at various distances as .shown in Fig. 21. In Bhg. 21, 
I represents the paraxial image of 0, and /Lj, are defined as 
the longitudinal spherical aberrations and ITi, IT‘> are defined 
as the transverse spherical aberration for the various aper- 
tures. The longitudinal spherical aberration is said to be posi- 
tive if as in Fig. 22 Li, and L 2 are to the left of I and negative if 
to the right of I. The transverse spherical aberration i.s said to 
be positive for electrons Ti and To and negative for Ti and T-/. 
The heavy vertical lines in the image space represent the disks 
of least confusion. 

Let r be the distance between any electron and the axis at 
the end of the gun (see Fig. 21) and let L be the longitudinal 
spherical aberration for the electron of height r then 

L = a^r- + a« n; -j- 

That L is a function of only the even powers of r follows from 
the fact that L is the same for plus or minus r, i.e., L is the same 
for an electron above or below the axis. Similarly if T repre- 
sents the transverse spherical aberration then 

r = tti r -f- a;i r® + a,-, r’ + 

since a change in the sign of r changes the sign of T only. 

It is to be noted that the effect of spherical aberration is per- 
fectly symmetrical, that is, the disks of least confusion, which 
represent the minima spots possible with the given amount of 
aberration, are perfectly symmetrical about the axis. 

Experimental Determination op Transverse 
Spherical Aberration 

The type of gun used in the determination of the transverse 
spherical ab6rration.is shown in Fig. 22. Fig. 23(a) represents 
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the! Jippearauce of tho s[)ots on the screen when V 2 = Fi. If 
thc!r(! wore no spherical aberration all the spots would, on focus- 
iiiK', unite! to form the small paraxial image spot. Fig. 23(b) 



Fig-. 22— Gun Used for Determination of Spherical Aberration. 


shows the appearance of the screen when the electrons issuing 
from the central .040" aperture are focused. In Fig. 23 (b) it is 
seen that due to the spherical aberration the non-paraxial elec- 



448 


Epstein: Electron Oplieal System of Tiro (yytiiiilrrs 


trons are already overfocused when the axial electrons (those 
passing through the central .040" aperture are .just focused. The 



Fig. 23(a) — Appearance of unfocu.sed spots. 

Fig. 23(b) — Appearance of Spots for Paraxial Focus. 


transverse spherical aberration is thus directly obtained from 
Fig. 23(b). 

Fig. 24 shows how the transverse spherical abberation for 
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the various image distances and diameter ratios varies with the 
width of the beam at the end of the gun. The curves of Fig. 24 



may be fairly well represented by the first two terms of equa- 
tion (2) . The width of the beam at the end of the gun is obtained 
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from Fig. 23 (a) and from the given positions of aperture aiui 
screen. 



Fig. 25 — ^Voltage Ratio vs. Beam Width. 


As shown in Fig. 21 the plane containing the disk of least 
confusion occurs nearer the lens than that predicted by paraxial 
theory. If the focusing voltage ratio is set for the paraxial 
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image, then the disk of least confusion will occur between the 
end of the gun and the serfeen, in other words, the spot on the 



screen is overfocused. To focus the disk of least confusion on 
the screen, it will be necessary to lower the voltage ratio. Fig. 
26 shows the variation of the voltage ratio required to focus the 
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disk of least confusion for various beam widths. The voltage 
ratio required to focus the di.sk of Ica.st confusion and the size 
of the disk wei’e determined by simultaneously focusing to a 
minimum spot the beams pa.ssinjj: thru the central .Odd" aperture 
and two or more of the other apertures, considerinjr the center 
of the central spot (spot formed by beam thru .O-ld" apm-ture) 
as the center of the disk of least confusion. 



The size of the disk of least confusion represents the mini- 
mum spot obtainable. Fig. 26 shows the variation of the size of 
the disk of least confusion with the ratio of the beam diameter 
at the end of the gun to gun diameter. 

Fig. 27 shows the same curves given in Fig. 26 plotted in 
terms of the paraxial image size. Fig. 27 shows the very inter- 
esting result that the disk of least confusion, measured in terms 
pf the paraxial size of the image, is independent of the image 
distance, i.e. of the type of tube. 




